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Searching Sequence Space: Two Different
Approaches to Dihydrofolate Reductase
Catalysis
Elizabeth E. Howell*[a]


1. Introduction


Dihydrofolate reductase (EC
1.5.1.3) reduces dihydrofolate
(DHF) to tetrahydrofolate (THF)
using NADPH as a cofactor.
Chromosomal DHFR is a target
for inhibition by the antibacterial
drug trimethoprim (TMP). Inhibi-
tion of DHFR activity by TMP
leads to bacterial cell death. Clin-
ical resistance to TMP has been
observed and correlated with
production of novel DHFRs that
are differentially inhibited by
TMP. Classification of plasmid-en-
coded DHFR genes indicates two
families (dfrA and dfrB) with at
least 17 different sequences, des-
ignated types I–XVII (see ref. [1]
and references therein). Key amino acids important for sub-
strate and cofactor binding in chromosomal DHFRs are con-
served in the dfrA family; this suggests that they are related to
chromosomal DHFR. Type II DHFR of the dfrB family is of partic-
ular interest as it is unrelated genetically and structurally to
chromosomal DHFR. The origin of type II DHFR genes is not
known, and recent Psi-BLAST searches have not yielded any
clues. Some information comparing E. coli chromosomal DHFR
and R67 DHFR, a type II DHFR, is summarized in Table 1.


The ability of two disparate catalytic strategies to provide
DHFR activity to the cell probably arises from the reasonably
simple reaction catalyzed. The basic strategy involves juxtapo-
sitioning of the substrate and cofactor, followed by protona-
tion and hydride-transfer events.


In each section of this review, the initial focus will be on
E. coli (Ec) DHFR, followed by R67 DHFR. A general comparison
is given at the end of each section. Since chromosomal DHFRs


have been the focus of numerous reviews,[2–7] more detail will
be provided for R67 DHFR.


2. Structures


A comparison of the crystal structures for both Ec chromoso-
mal and R67 DHFRs in Figure 1 A and B shows no resemblance.
Chromosomal DHFRs possess an eight-stranded b-sheet core
with four a helices also present.[8] The basic structure consists
of two rigid subdomains separated by a hinge region.[9] The
adenosine-binding subdomain binds the adenosine moiety of
NADPH; the rest of NADPH, as well as folate, binds between


There are numerous examples of proteins that catalyze the same
reaction while possessing different structures. This review focuses
on two dihydrofolate reductases (DHFRs) that have disparate
structures and discusses how the catalytic strategies of these two
DHFRs are driven by their respective scaffolds. The two proteins
are E. coli chromosomal DHFR (Ec DHFR) and a type II R-plas-
mid-encoded DHFR, typified by R67 DHFR. The former has been


described as a very well evolved enzyme with an efficiency of
0.15, while the latter has been suggested to be a model for a
“primitive” enzyme that has not yet been optimized by evolution.
This comparison underlines what is important to catalysis in
these two enzymes and concurrently highlights fundamental
issues in enzyme catalysis.


Table 1. A brief comparison of DHFRs.


E. coli chromosomal DHFR R67 DHFR


enzyme form monomer, 18 000 Da tetramer, 34 000 Da


crystal structure eight-stranded b sheet with four a-hel-
ical connecting strands


four b barrels, single active site pore composed
of residues from four subunits


volume of active
site (CASTp)[a]


1677 �3 (1RA2) 3626 �3 (tetramer from 1VIE)


trimethoprim Ki 20 pm
[b] 0.15 mm


[c]


dihydrofolate Km 1.2 mm
[d] 5.8 mm


[e]


NADPH Km 0.94 mm
[d] 3.0 mm


[e]


kcat (pH 7) 29 s�1 (product release)[d] 1.3 s�1 (hydride transfer)[e]


240 s�1 (hydride transfer)[f]


rate-determining
step


product (THF) release[g] hydride transfer[h]


[a] Volume enclosed by active site calculated by CASTp[98] (see http://cast.engr.uic.edu/cast/). [b] From ref. [99] .
[c] From ref. [100]. [d] From ref. [49] . [e] From ref. [101]. [f] From ref. [48] . [g] From ref. [21] . [h] From ref. [34] .
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the two subdomains. This binding mode positions NADPH and
DHF in individual sites and orients them so that a hydride can
be readily transferred from the A side of NADPH to C6 of the si
face of the pteridine ring in DHF.[10] Comparing numerous bac-
terial DHFRs, conserved active-site residues include M20, P21,


W22, D27, F31, R44, R57, G95, G96, and T113.[11] Other residues
are conserved and might play roles in protein folding and/or
motion coupled to catalysis.[2, 11, 12] Movement of a floppy loop
(M20 loop) as well as subdomain rotation appear important in
minimizing access of solvent to the active site as well as modu-
lating ligand specificity.


In contrast, R67 DHFR is a homotetramer possessing a single
active-site pore. The presence of only one active site per multi-
mer is quite unusual. Other examples of one binding site per
oligomer include the AIDS protease[13] and the central pore in
hemoglobin, where 1,3-bisphosphoglycerate binds.[14] Each
monomer in R67 DHFR is composed of five antiparallel b-
strands.[15, 16] This fold has subsequently been identified as oc-
curring in SH3 domains.[17] Three strands from one monomer
associate with similar strands from the second monomer, form-
ing a six-stranded b-barrel at the dimer interface. A dimer of
dimers involving loop–loop contacts generates the tetramer.
The active tetrameric species is toroidal, with the hole being
the active site. A 222-symmetry operator occurs at the center
of the active-site pore, dictating that for each ligand-binding
site there must be three symmetry-related sites arising from
1808 rotations along the x-, y-, or z-axis. The symmetry can be
clearly seen in the reverse image of the active site given in Fig-
ure 1 D. A constriction near the center of the pore occurs, pre-
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Figure 1. Cartoon structures of A) Ec chromosomal DHFR and B) R67 DHFR. The positions of bound folate (green) and NADP+ (magenta) are shown in the Ec DHFR
structure (1A2 from the protein data bank). R67 DHFR (1VIE) is a dimer of dimers, each monomer is colored differently. The monomer–monomer interfaces occur
on the sides of the structure (sea green + blue or chartreuse + red), while the dimer–dimer interfaces occur on the top and bottom of the structure (sea green +


red or chartreuse + blue). The active site pore is the hole in the center. C, D) The reverse images for each active site were generated by SPHGEN, a subroutine of
DOCK.[27] In the reverse images, each sphere point describes a potential atom position for use by the docking algorithm. The positions of bound folate (green) and
NADP+ (magenta) are shown for Ec DHFR,[20] while the positions of the pteridine ring of folate (Fol I in 1VIF) and docked NMNH are shown for R67 DHFR.[16, 26] The
sphere cluster for Ec DHFR is shown in approximately the same orientation as the structure in panel A. In contrast, the sphere cluster for R67 DHFR is shown side-
ways, after a 908 rotation along the y-axis.
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sumably limiting access to solvent during the hydride-transfer
reaction.


These two DHFR structures illustrate totally different topolo-
gies. The Ec DHFR scaffold contains a specific binding site for
the cofactor as well as a specific site for the substrate; the
overall structure and binding site are asymmetric. This is the
typical situation for most proteins. In contrast, the single active
site of R67 DHFR possesses a 222-symmetry operator, which
dictates that ligands must share overlapping sites.


3. Ligand Binding


3.1. E. coli chromosomal DHFR


The structures of substrate and cofactor are shown in
Scheme 1. Ec DHFR binds a single molecule of DHF in a pre-
dominately hydrophobic binding pocket. The nicotinamide
ring of the cofactor is disordered in the DHFR·NADP+ binary
complex and becomes ordered in the ternary DHFR·folate·
NADP+ state. Binding involves numerous protein–ligand con-
tacts, and specific interactions are listed in refs. [8, 18–20] .
Chromosomal DHFR binds its ligands with a large enthalpic
component through specific interactions.


In Ec DHFR, addition of either ligand, followed by the
second ligand, leads to formation
of the productive ternary com-
plex Ec DHFR·NADPH·DHF. After
protonation and hydride transfer,
products are released in a prefer-
red order with NADP+ leaving
first. Subsequent NADPH addition
generates the DHFR·THF·NADPH
complex. Release of THF occurs
next and is the rate-determining
step. The resulting DHFR·NADPH
complex then binds DHF to ini-
tiate a new round of catalysis.
Scheme 2 depicts the catalytic
steps and their respective rate constants.[21] The differential ef-
fects of oxidized/reduced cofactor on THF release indicate
some level of interligand cooperativity. Bystroff and Kraut[9]


propose that the greatest degree of cooperativity occurs in the
transition state and arises from domain as well as floppy-loop
movements.


Numerous co-crystal structures of Ec chromosomal DHFR
(>45) have been obtained, and a comparison suggests sub-
stantial movement of the protein, particularly the Met20 loop,
is associated with ligand binding as well as catalysis.[20] This
loop assumes either an open, closed, or occluded conforma-
tion, depending on which ligand(s) are bound. NMR studies of
the Met20-loop motion show an oscillation frequency of
35 s�1.[22] That this rate is similar to the release rate for THF
suggests that loop movement might be linked to product re-
lease. A movie depicting the Ec chromosomal DHFR reaction
cycle based on the various structures is available at http://
chem-faculty.ucsd.edu/kraut/dhfr.html.


3.2. R67 DHFR


Binding studies by time-resolved fluorescence anisotropy as
well as isothermal titration calorimetry (ITC) demonstrate that
a total of two ligands bind to R67 DHFR. The combinations are
two folate (or DHF) molecules, two NADPH molecules, or one
NADPH plus one folate/DHF.[23] The first two complexes are
nonproductive, while the last one yields products. Binding of
two NADPH molecules shows negative cooperativity, which
suggests that the first molecule binds at or near the center of
symmetry and impedes binding of a second molecule at a
symmetry-related site. Binding of two folate molecules shows
positive cooperativity, consistent with interactions between
the bound folate molecules that enhance affinity. Binding of
folate to a 1:1 R67 DHFR·NADPH complex also shows positive
cooperativity between NADPH and folate. These various obser-
vations support a preferred binding pathway that results in
catalysis as shown in Scheme 3. Interligand NOE (ILOE) data


Scheme 1. The structures of A) folate and B) NADPH. Reduction of folate across
the C7�N8 bond yields dihydrofolate while reduction of the N5�C6 double
bond produces THF. During catalysis, the A or re hydrogen (HR) on C4 of the
nicotinamide ring faces the si face of the dihydrofolate pteridine ring, which
accepts a hydride at C6. The pABA-Glu and NMNH fragments are labeled.


Scheme 2. The proposed mechanism for Ec chromosomal DHFR.[21] Rates were monitored by stopped flow at 25 8C
and the values describe pH-independent catalysis. While the initial addition of either substrate or cofactor to free
enzyme is random, once the ternary complex is formed, the enzyme follows a preferred pathway, as shown in bold.
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from NMR experiments[24] indicate few ILOEs between bound
NADP+ and folate; this suggests the ligands are bound in ex-
tended conformations on opposite sides and meet somewhere
in the middle of the pore.


A cocrystal with two bound folate molecules has been ob-
tained for R67 DHFR (1VIF).[16] Few changes are observed in the
protein upon folate binding. If one ligand is bound, there is an
equal probability that it will bind to any one of the four equiv-
alent sites within the pore; this effectively dilutes the observed
electron density to an average over these four states. Thus, dif-
ference maps for bound folate show low density in the pore,
representing a composite of overlapping density from two
folate molecules bound in two asymmetric sites, each at one-
quarter occupancy. Fol I is bound productively with its si face
exposed, whereas Fol II has its si face nestled against the side
of the pore, making it unavailable to receive a hydride. Density
for the p-aminobenzoyl acid-Glu (pABA-Glu) tail was not ob-
served; this is consistent with disorder.


Recent NMR studies have assigned the chemical shifts of
backbone and most side-chain residues in R67 DHFR.[25] Meas-
urements of the dynamic behavior of the protein found it to
be well-structured and not to display much backbone motion.
Internal motions are described in terms of an order parameter,
hS2i, which varies between 1 (no internal motion) and 0.[7] Ad-
dition of NADP+ to R67 DHFR did not result in any large
change in the overall motion of the protein, as hS2i did not
change much (hS2


apoi= 0.89 versus hS2
boundi= 0.86) ; this indicated


no to limited motion upon cofactor binding.
Obtaining either a crystal or NMR structure of the ternary


complex has proven especially difficult, as the fourfold symme-
try within the pore results in a fourfold dilution of the signal.
This difficulty, combined with the possibility of binding either
folate or NADPH in each site further reduces the signal. There-
fore, a computational approach was used to model the pro-
ductive ternary complex.[26] The bound pteridine ring of Fol I


from the crystal structure was used to dock the nicotinamide-
ribose-Pi (NMNH) moiety of NADPH. NMNH was positioned by
two different algorithms (DOCK and SLIDE),[27, 28] on the oppo-
site side of the pore from Fol I, where it interacts with Fol I at
the pore’s center. The two different docking algorithms yielded
similar results for the top-scoring NMNH dockings; this gave
confidence in the model. Numerous residues serve dual roles
in binding. For example, Q67 from both the B and D subunits
has several contacts with the pteridine ring, while the same
residue from the A and C subunits has several contacts with
the nicotinamide ring. Other residues proposed to be involved
in binding both ligands are I68 and Y69. These residues are
generally amphipathic, allowing them to make both hydropho-
bic and hydrophilic contacts with the ligands. The result is a
promiscuous binding surface where active-site residues can
co-optimize the binding of two ligands and orient them for
catalysis.


To obtain further information on the positioning of the
pABA-glu tail of folate, which is disordered in the crystal struc-
ture, Fol I was removed from the top-scoring R67 DHFR
Fol I·NMNH ternary complex and the full-length folate mole-
cule docked. While the pteridine ring of folate docked in the
same general position as Fol I, the position of the pABA-Glu
tail of folate varied. NADPH was also docked into R67 DHFR·
Fol I, and one molecule met the NMR constraints (i.e. , syn nico-
tinamide ring with respect to its ribose ring and anti adenine
ring with respect to its ribose).[24, 29] This ternary complex
model is depicted in Figure 2. Stacking between the nicotin-
amide ring of cofactor and the pteridine ring of folate is pre-
dicted in this model, consistent with ILOE constraints.[24]


Binding promiscuity in R67 DHFR is also supported by the
observation that it can utilize a-NADPH as cofactor[30] as well
as be inhibited by novobiocin (Ki = 70 mm) and congo red (Ki =


2 mm). Neither of the last two ligands resembles NADPH or
folate.


The above comparison illustrates that binding of ligands in
Ec DHFR relies on specific protein contacts. A linkage between
catalysis and protein movement has been uncovered, with
domain and floppy-loop movement facilitating both binding
and catalysis. In contrast, R67 DHFR uses a promiscuous bind-
ing surface that accommodates both NADPH and DHF as well
as alternate ligands, by using a range of interaction types gen-
erated by the presence of amphipathic residues. Interligand
cooperativity patterns are particularly important in R67 DHFR.


4. Site-Directed Mutants


4.1. E. coli chromosomal DHFR


Numerous mutations have been constructed and evaluated in
Ec chromosomal DHFR (see refs. [4, 31–33] and references
therein). In general, mutations in the DHF-binding pocket
affect DHF Kd values over a wide range (1700–0.5-fold), while
Kd values for NADPH are concurrently altered to a much small-
er degree (3.3–0.45-fold).[4] The general trend observed in
these mutants is that DHF, but not NADPH, binding is affected.
A similar trend is observed for mutations in the NADPH-bind-


Scheme 3. The proposed binding mechanism for R67 DHFR.[23] Kd values were
monitored by ITC at pH 8.0; kinetic values were obtained from steady-state
rates at pH 7.0. The preferred binding pathway is shown in bold.
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ing pocket with up to 23-fold increases for NADPH Kd values,
while DHF Kd values are only altered up to fourfold. These re-
sults indicate that the effects of the mutations are mostly local
and focus on the ligand whose contacts are disrupted. Lesser
or no effects are observed on binding of the second ligand.
Mutations at only one residue, D27, in Ec chromosomal DHFR
profoundly affect the hydride transfer rate (>100-fold).[31]


4.2. R67 DHFR


Single mutations in the R67 DHFR gene result in four muta-
tions per homotetramer. Since R67 DHFR possesses a single
active-site pore, the effect of four concurrent mutations on
ligand binding can be profound. For example, the cumulative
effect of four mutations at either K32, W38, S59, or H62 at the
dimer–dimer interfaces results in destabilization of the tetra-
mer such that only dimers are formed.[34–37] A corollary of four
mutations occurring simultaneously per active site pore is that
mutations most likely need to be conservative to not have
very profound effects on protein structure and/or function.


The “one site fits both” model of binding in R67 DHFR pre-
dicts that binding to both ligands should be affected by each
mutation. This behavior is indeed observed, for example, a
Y69F mutant displays tenfold weaker binding to DHF and 19-
fold weaker binding to NADPH than wild-type (wt) R67
DHFR.[38] Also, a Q67H mutant displays 36- and 110-fold tighter
binding to DHF and NADPH, respectively.[39] In the context of
these Km changes, which vary by up to three orders of magni-
tude, the ability of the mutations to preferentially alter NADPH
versus DHF binding appears marginal. In other words, the
Q67H mutant enhances NADPH binding (compared to DHF) by
only threefold, while the Y69F mutant weakens NADPH binding
(compared to DHF) by twofold.


While the Q67H mutation tightens binding, it does not lead
to enhanced catalytic efficiency as binding is concurrently
tightened at all symmetry-related sites. This leads to substan-
tial substrate and cofactor inhibition because of formation
of the nonproductive DHF·DHF and NADPH·NADPH com-


plexes.[39, 40] Therefore a balance between catalysis and inhibi-
tion exists, which can be perturbed by mutations.


Mapping of the active-site surface by a mutagenesis ap-
proach as well as use of ionic-strength effects have identified
K32, Q67, I68, and Y69 as residues in which conservative muta-
tions have large effects on binding and catalysis.[35, 38, 39, 41] These
residues form a stripe that establishes the binding and catalyt-
ic surface and are highlighted in blue in Figure 3. The surface
for symmetry-related K32, Q67, I68, and Y69 residues describes
two continuous stripes that run from one edge of the pore to
the other. While residues 67–69 would be expected to lie near
each other, the contiguous placement of K32 in this stripe sup-
ports its importance.


Because of the 222 symmetry of the R67 DHFR structure, it
is difficult to produce local effects that can allow dissection of
how each residue interacts with the ligands. Breaking the sym-
metry of R67 DHFR by introduction of asymmetric mutations
suggests one role of the symmetry is to provide an avidity or
multivalency effect.[40, 42, 43] Here, once a site is occupied, the
proximity of other symmetry-related sites can enhance binding
by reduction of the associated entropy and/or by decreasing
the dissociation rate.[44–46]


This section illustrates that active-site mutants of Ec DHFR
mostly have local effects on ligand binding. Exceptions include
mutants that might affect correlated protein motion[11, 47] as
well as second-site suppressor mutations.[48–50] In contrast, mu-
tations in R67 DHFR can display profound effects, arising from
the combination of 222 symmetry imposed on a single active-
site pore in a homotetrameric scaffold. Typically binding to
both NADPH and DHF are affected to similar extents.


5. Catalysis


5.1. E. coli chromosomal DHFR


Chromosomal DHFR is proposed to be a well-evolved enzyme
with a catalytic efficiency of 0.15.[51] (For comparison, the effi-
ciency for triose phosphate isomerase, which has been de-


Figure 2. A stereo view of the R67 DHFR·NADPH·folate complex predicted by DOCK.[26] This image is related to the orientation in Figure 1 B by a 908 rotation along
the y-axis. This model is consistent with interligand NOEs derived from NMR experiments as well as the A-side stereochemistry of the reaction.[24, 29, 34, 97] The top scor-
ing folate conformer is shown at the top right using a CPK surface. Docked NADPH is depicted at bottom left. For the ligands, the color code is as follows: carbon,
green ; nitrogen, blue ; oxygen, red ; phosphorus, magenta ; and hydrogen, white. Numerous active site residues in R67 DHFR are shown using ball and stick represen-
tations and color-coded labels are provided. Val66 residues (yellow) are unlabeled. Since Ile68 (red) and Tyr46 (green) residues occur on the side of the active site,
two of these side chains can be seen near the side of the ligands, while two symmetry-related residues are hidden behind the ligands.
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scribed as a “perfect enzyme,” is 0.6.)[52] A conserved acidic
group (Asp in bacterial DHFRs and Glu in mammalian DHFRs)
has been proposed to facilitate catalysis, although the exact
mechanism remains debated. Characterization of a D27S Ec
DHFR mutant shows a 70-fold decrease in kcat and a 50-fold in-
crease in Km.[31] However, kcat in this mutant increased as the
pH was decreased, consistent with the increased availability of
preprotonated, activated DHF (N5 pKa = 2.59).[53] More recent
resonance Raman studies on the wt and D27S enzymes sug-
gest this aspartate acts by raising the N5 pKa of DHF to
6.5.[54, 55] This scenario is supported by a recent computational
study.[56] Alternatively, another computational study suggests
D27 uses an electrostatic mechanism to facilitate enol tauto-
mer formation in DHF.[57] Another scenario arises from NMR
studies with the Lactobacillus casei DHFR, which show that the
analogous D26 remains ionized in all complexes studied.[58]


This group proposes that aspartate polarizes bound DHF. Final-
ly, Cummins and Gready propose direct donation of the
proton to N5 (a keto cation) without the necessity of an enol
intermediate.[59]


Movement of the Met20 floppy-loop sequesters the hydride-
transfer event from solvent. The exact sequence of protonation
donation and hydride transfer is not clear in Ec chromosomal
DHFR. A combination of solvent and NADPD isotope effects
support protonation prior to hydride transfer.[60] More recent
molecular-dynamics (MD) calculations propose the reverse
sequence.[61]


Other factors have been proposed to facilitate catalysis. A
positive electrostatic potential around the active site of Ec
DHFR might steer binding of the negatively charged substrate
and cofactor.[62] Ab initio quantum-mechanical calculations sug-
gest that polarization of bound substrate and cofactor occur
upon binding and serve to facilitate hydride transfer.[63–66]


More recently, motion of the protein chain, including sub-
domain rotation and alternate active-site loop conformations,
has been proposed to modulate ligand specificity and catalytic
efficiency.[3, 11, 47, 67, 68] This model invokes “promoting protein
motion” as a means to enhance crossing the reaction barrier,
ultimately enhancing the catalytic rate. Conserved amino acids
distant from the active site, mixed quantum/classical MD calcu-
lations, site-directed-mutagenesis studies, and NMR experi-
ments are all considered in invoking this hypothesis. The in-
volvement of distant residues in catalysis is also supported by
the identification of second-site suppressor mutations of the
D27S lesion. These suppressing mutations include F137S,
F153S, or I155N, and their presence in the D27S context en-
hances catalytic efficiency two- to threefold. Unexpectedly, all
three residues occur on the surface of the protein and are ap-
proximately 15, 8, and 14 � distant from the D27 residue in
the active site, respectively.[48–50] Most recently, reports indicate
that Ec DHFR uses tunneling in its reaction.[69, 70]


5.2. R67 DHFR


Given the configuration of its active-site, it is unlikely that R67
DHFR has been able to acquire a residue similar to D27 in Ec
chromosomal DHFR. This limitation occurs because addition of
a single mutation (in the gene) that might activate DHF will
result in four mutations per active site. While addition of a
general acid might activate DHF in one site, it would more
than likely impede NADPH binding in the other symmetry-re-
lated site(s). To identify any potential groups involved in cataly-
sis, the pH profile of a H62C R67 DHFR was monitored.[34] This
mutant stabilized the active tetramer from pH 4–9 by disulfide-
bond formation. Its pH profile resembled that of the Ec D27S
DHFR mutant, with increasing activity as the pH was lowered.
This behavior is consistent with the use of protonated DHF as
the productive substrate and no contributions from acidic
groups in the enzyme. Raman difference measurements also
show no indication of bound protonated DHF at pH 5.3; this
suggests that the active site environment of R67 DHFR does
not greatly alter the pKa of N5 in DHF from the solution value
of 2.59.[71] This observation is consistent with the active site’s
being large and accessible to solvent.


Interligand interactions appear quite important to the R67
DHFR reaction. Various pairs of ligands compete for binding to
the active-site pore with the DHF·DHF and NADPH·NADPH


Figure 3. A map of active site residues identified as important to binding and
catalysis in the R67 DHFR reaction.[35, 38, 39, 41] A) Depiction of a single dimer–
dimer interface in R67 DHFR by using a Connolly surface. This view is related to
Figure 1 B by a 908 rotation along the x axis. B) Depiction of a single mono-
mer–monomer interface. This view is related to Figure 1 B by a 908 rotation
along the y-axis. Residues where conservative mutations displayed a greater
than fivefold effect are colored blue (K32, Q67, I68, Y69). Residues where conser-
vative mutations displayed no to minimal effects are colored green (K33, Y46,
T51, S65, V66). Residues where mutations apparently perturbed the quaternary/
tertiary structure are colored magenta (A36, G64).
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complexes being nonproductive. From both crystallography
and NMR studies, the 2DHF/folate molecules stack near the
center of the pore[16, 24] in a manner perhaps similar to their so-
lution dimeric structure.[72] From docking studies as well as
monitoring interligand NOEs, the folate·NADP+ complex also
appears to involve stacking between the nicotinamide and
pteridine rings. Thus, ring stacking might be strongly correlat-
ed with the positive cooperativity associated with 2DHF/folate
and NADPH·folate complex formation. Does R67 DHFR also
play a role in this cooperativity? From studies of asymmetric
Q67H mutants, Q67 at the center of the pore helps discrimi-
nate between the various complexes, with a strong preference
for the productive NADPH·DHF pair.[40] This result suggests that
an interplay between the wt protein and the interligand com-
plexes provides a funnel towards transition-state formation.


When ternary-complex formation is studied by ITC, the DH
value associated with addition of folate to wt and mutant R67
DHFR·NADPH complexes shows a potential linear correlation
with catalytic efficiency (Figure 4). Previous linear free-energy


relationships have been observed and have been proposed to
describe the necessary interplay between binding energy and
catalysis.[73–75] From NMR studies of vancomycin dimerization,
structural tightness (i.e. close contact and increased rigidity)
appears to display a positive correlation with the enthalpy (e.g.
exothermicity) of the binding interaction.[76–78] Therefore, these
R67 DHFR results support the hypothesis that interligand inter-
actions play a strong role in binding as well as catalysis. These
experimental data are consistent with the docked ternary-com-
plex model shown in Figure 2 and predict stacking between
NADPH and folate. As mutations are introduced, a caveat is
that the orientation between ligands remains suitable for hy-


dride transfer. Use of the alternate cofactor, NADH (^ point in
Figure 4), extends this correlation and suggests that looseness
of binding (derived either from alternate ligands or protein
mutations) controls catalytic efficiency. Our studies also sup-
port recent reports suggesting a strong role for enthalpy asso-
ciated with catalytic function.[79–83]


Electrostatics also appear to be important in R67 DHFR catal-
ysis as the active-site pore is predicted, by solving a nonlinear
Poisson–Boltzman equation, to be positively charged.[26] Resi-
dues implicated in establishing the positive potential are K32
and K33. Salt effects on NADPH binding uncovered two ionic
interactions with R67 DHFR.[35] (Quantitation of salt effects by
plots of log Kd versus log (ionic strength) have previously been
taken to describe Z, the number of ionic interactions involved
in binding.[84, 85]) When R67 DHFR’s steady-state kinetic behavior
was probed by increasing salt concentrations, at least one
ionic interaction was identified in binding NADPH (Km effects).
An unusual enhancement of kcat by increasing salt concentra-
tions was noted, consistent with breaking of a salt bridge that
allowed the ground state to move towards the transition state.
The resulting model for catalysis invokes tight binding of
NADPH through ionic interactions between two, symmetry-re-
lated K32 residues (located on different monomers at one end
of the pore) with the 2’-phosphate and pyrophosphate groups.
Loss of an ionic interaction between a symmetry-related K32
residue in the second half of the pore with the Glu tail of DHF
might be the key event that facilitates catalysis.[42] This scenario
could permit the ligands to move towards a position associat-
ed with the correct distance and angle for hydride transfer as
well as to exclude solvent. This unusual mechanism likely
arises from the need to balance catalysis with the constraints
imposed by the 222 symmetry of the active site pore.


Finally, NMR studies reveal that NADP+ binds to R67 DHFR
with a syn relationship between the nicotinamide ring with its
ribose (i.e. , the carboxamide group from the nicotinamide and
the ribose ring oxygen atom are close.)[24, 29] When this observa-
tion is coupled with the experimentally determined A-side hy-
dride-transfer reaction, a syn periplanar orientation during R67
DHFR catalysis is predicted. (If the reduced nicotinamide ring is
in a quasi-boat geometry, the relation between the antibond-
ing orbital of the ribose-ring oxygen atom with the unshared
electrons on N4 of the nicotinamide ring can be either peri-
planar or antiperiplanar (see ref. [86] and references therein).
Since the vast majority of reductases utilize either the anti anti-
periplanar configuration for A-side transfer or the syn antiperi-
planar conformation for B-side transfer, this topology in R67
DHFR is quite unusual.


The above evidence supports the contention that Ec chro-
mosomal DHFR is a well-evolved enzyme, orchestrating various
components to facilitate catalysis, including its conserved
Asp27 residue to activate bound DHF, electrostatics and possi-
bly protein motion as well as tunneling. In contrast, R67 DHFR
appears simpler in its approach. Its rate-determining step is
chemistry, the active site is solvent-accessible except perhaps
at the hourglass center, no amino acid (such as D27) is present,
and preprotonated DHF from solution is used as substrate. The
ability to discriminate between the homoligand and hetero-


Figure 4. A potential linear correlation between the heat of enthalpy for bind-
ing of folate to R67 DHFR·NADPH (pH 8) and log kcat/Km (pH 7).[41] The binding
enthalpy was monitored by ITC upon addition of the poor substrate, folate, to
the R67 DHFR·NADPH complex.[23] wt R67 DHFR data are given by *, Y46F by
*, T51S by &, I68L by !, I68M by !, NADH by ^, Y69L by ^, and Q67C by ~


points. A similar correlation was also noted for the kcat/Km (NADPH) data. Reduction
of folate is minimal under these conditions as its kcat is quite low at pH 8 and
the titrations were done at 13 8C. Additional controls indicate that any contri-
bution of catalysis to the binding curves are minimal.[23, 41]
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ligand complexes appears to mostly arise from stacking be-
tween the ligands, as well as some contribution from the
enzyme. For the productive ternary complex, the greater the
enthalpy associated with complex formation (i.e. structural
tightness), the greater the catalytic efficiency.


6. Transition States?


At least two different transition states are available to the
DHFR reaction,[87] as illustrated in Figure 5. Constraints imposed
by the Ec chromosomal DHFR structure lead to its using an exo


transition state with minimal overlap of the pteridine and nico-
tinamide rings.[88] In this model, the pteridine and nicotinamide
rings approach edge-on. In contrast, interligand-NOE NMR data
favor R67 DHFR’s using an endo transition state[24] as does the
docked ternary-complex model.[26] The endo transition state
positions the nicotinamide ring over the more bulky side of
the pteridine ring. (An endo-type geometry has also been iden-
tified in the pteridine reductase structure (1E92 in the PDB).
This enzyme is a short-chain dehydrogenase from Leishmania
and Trypanosoma that displays partial stacking of the nicotina-
mide and pterin ring systems.[89]) Quantum-mechanical calcula-
tions evaluate the endo transition state as being 2–8 kcal mol�1


more stable than the exo transition state because of the inter-
ring interactions.[87, 88] The importance of interligand interac-
tions in R67 DHFR catalysis is no surprise; this modality plays
an essential role in discriminating between the various two
ligand complexes.


Can primary isotope effects allow differentiation between
the two transition states? Experimentally, the measured kinetic
isotope effects appear similar, as NADPD isotope effects with a
H62C mutant of R67 DHFR find DV (= kcat on using NADPH/kcat


on using NADPD) at pH 5.0 to equal 3.6�0.45 and DV = 3.3�
0.33 at pH 7.0.[34] These results indicate that hydride transfer is
fully rate-determining from pH 5–7. These values are similar to
those measured for Ec chromosomal DHFR by monitoring
steady-state kinetics at pH 9, at which hydride transfer is rate
limiting (DV = 2.7�0.3[90]). Additional stopped-flow experiments


with Ec DHFR monitored its hydride-transfer rate directly at
pH 7 and found a kinetic isotope effect of 3.0�0.1 at 25 8C.[21]


Most recently, Sikorski et al. , by a combination of primary and
secondary isotope effects, calculated the intrinsic isotope
effect of Ec DHFR as 3.5�0.2 at 25 8C.[70]


Given all the limitations imposed by the 222 symmetry, how
can R67 DHFR work as well as it does? Most likely, use of the
more stable transition state allows catalysis to occur. This
comparison also points towards independent evolutionary
pathways for the Ec and R67 DHFRs, this time involving the
transition state of the reaction.


7. Conclusions and
Perspectives


A general hypothesis in enzy-
mology is that increasing levels
of preorganization in an enzyme
active site lead to enhanced cat-
alytic efficiency.[3, 91, 92] Ec chromo-
somal DHFR clearly does this by
binding its ligands in well-de-
fined pockets. Juxtaposed bind-
ing sites allow the ligands to be
oriented such that hydride trans-
fer is readily achieved. Protein
movement includes floppy (M20)
loop movement to limit access
of bulk solvent to the active site
as well as protein motion that


might funnel energy to the active site and aid barrier-crossing
events. These proposals all suggest chromosomal Ec DHFR
has developed numerous strategies to maximize catalytic effi-
ciency.


In contrast to the above devices, R67 DHFR has developed
an alternate path to catalysis. The initial binding of NADPH uti-
lizes the symmetry of the protein by allowing binding to one
of four symmetry-related sites. Once bound, NADPH creates a
local asymmetric environment in the active-site pore that re-
sults in negative cooperativity disfavoring binding of a second
NADPH molecule or positive cooperativity favoring binding of
DHF. Both these cooperativity patterns favor channeling of the
binding pathway towards the productive ternary complex,
NADPH·DHF. These observations suggest that some level of
“preorganization” arises by generation of asymmetry upon
binding the first ligand.[93–96] A corollary of this model is that
ligand–ligand cooperativity plays an important role in catalysis.
Inextricably coupled to the 222 symmetry is the use of a “one
site fits both” approach as well as the inability of the enzyme
to accumulate mutations without strongly affecting either pro-
tein stability, oligomerization state or binding and catalysis.


From an “enzyme’s eye view”, what is important to DHFR
catalysis can be gleaned by what is similar in these two ap-
proaches to DHF reduction. These features are: 1) use of a pos-
itive electrostatic potential to guide the negatively charged li-
gands to the active sites, 2) once DHF is bound, use of Asp27
in Ec DHFR to activate substrate or a proton from solution in


Figure 5. Two transition-state conformations for the DHFR reaction.[87, 88] Coordinates for these models were kindly pro-
vided by Luis Domingo.[87] The pteridine rings lie on the bottom of the image ; the N5 atoms are labeled and pointing
towards the viewer. The nicotinamide rings occur at the top of the image ; their C4 atoms are labeled.
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R67 DHFR (and D27S Ec DHFR), and 3) the proximity of the cat-
alytic atoms, although directed by different guiding principles.
For Ec DHFR, the reaction is driven by protein–ligand interac-
tions to result in juxtaposed sites that compress the distance
between C6 of DHF and C4 of the nicotinamide ring, while in
R67 DHFR, the reaction appears to have a significant compo-
nent supplied by interligand cooperativity.


Given these widely different structures and strategies, it is
remarkable that the hydride-transfer rate for the primitive R67
enzyme is only ~180-fold less than that for the well-evolved
enzyme, Ec DHFR (see Table 1). Further, the D27S mutant in Ec
DHFR possesses a lower kcat (threefold) and a much lower effi-
ciency (kcat/Km (DHF)) than R67 DHFR (30-fold; see ref. [49] and
Table 1). This convergence suggests that the level of DHFR ac-
tivity that is possible without catalytic machinery (e.g. general
acids, bases) has a finite range. It is particularly surprising that
R67 DHFR is more efficient than the D27S Ec DHFR given all
the additional mechanisms proposed for promoting Ec DHFR
function (tunneling, overlapping binding sites for substrate
and cofactor, “promoting protein motion”, etc). Thus, R67
DHFR might provide additional surprises concerning its contri-
butions towards catalysis.


Abbreviations


DHF, dihydrofolate; Ec DHFR, E. coli chromosomal dihydrofolate re-
ductase; Fol 1 and Fol 2, the pteridine rings of two folates in the
1VIF crystal structure; NADP(+/H), nicotinamide adenine dinucleo-
tide phosphate (oxidized/reduced form); ILOE, interligand nuclear
Overhauser effect; ITC, isothermal titration calorimetry; m, ionic
strength; NMNH, the reduced nicotinamide-ribose-Pi moiety of
NADPH; pABA-Glu, p-aminobenzoylglutamic acid tail of DHF; R67
DHFR, R67 dihydrofolate reductase; THF, tetrahydrofolate; TMP,
trimethoprim; wt, wild type.


Mutants are described by the wt residue and numbered position in
the sequence, followed by the amino acid substitution. For exam-
ple, Q67H R67 DHFR describes the Gln67!His mutation. For brevi-
ty, when a single residue in R67 DHFR is mentioned in the text, all
four symmetry equivalent residues are implied.
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A Widely Distributed Bacterial Pathway for
Siderophore Biosynthesis Independent of
Nonribosomal Peptide Synthetases
Gregory L. Challis*[a]


1. Introduction


Iron is an essential nutrient for virtually all microorganisms be-
cause it is a cofactor for several electron-transport proteins in-
volved in vital life processes like aerobic and anaerobic ATP
biosynthesis. However, the bioavailability of iron, which exists
predominantly in its ferric form in aerobic environments, such
as soil, is very low despite the fact that iron is the fourth most
abundant element in the Earth’s crust. This is because, at neu-
tral and alkaline pH, ferric iron forms insoluble, polymeric oxy-
hydroxide complexes that cannot be assimilated by microor-
ganisms. Consequently, iron acquisition from the environment
poses a significant challenge to saprophytic microorganisms.
Similar bioavailability problems exist in the intercellular matri-
ces of higher eucaryotes, where ferric iron is tightly bound to
solubilising transport and storage glycoproteins, such as trans-
ferrin and lactoferrin. Thus, iron assimilation by invading
pathogens, which is considered essential for establishing infec-
tion, also poses a significant challenge.[1]


A common strategy used by many pathogenic and sapro-
phytic microorganisms to tackle the problem of low iron bio-
availability is the biosynthesis and excretion of high-affinity
iron chelators known as siderophores.[1, 2] Once an excreted
siderophore has scavenged ferric iron from the environment or
host, the resulting iron–siderophore complex is readsorbed by
bacterial cells by a membrane-associated ATP-dependent trans-
port system that often exhibits high substrate selectivity.[3] In
fungi, the readsorption of iron–siderophore complexes is medi-
ated by the siderophore iron transport (SIT) family of the major
facilitator protein superfamily. Several different mechanisms
have been proposed for the recovery of ferric iron from the
siderophore complex and reduction to the ferrous form for
storage and utilisation.[4, 5]


Many siderophores are polypeptides that are biosynthesised
by members of the nonribosomal peptide synthetase (NRPS)
multienzyme family, which is also responsible for the biosyn-
thesis of the majority of microbial peptide antibiotics. The en-
zymology of NRPS-catalysed siderophore biosynthesis has
been intensively studied over the last decade, and the biosyn-
thetic mechanisms for several types of structurally diverse pep-
tide siderophore are now well understood.[6] On the other
hand, several bacterial siderophores are not polypetides, but
are assembled instead from alternating dicarboxylic acid and
diamine or amino alcohol building blocks (which are neverthe-
less derived from amino acids) linked by amide or ester bonds.
Examples include aerobactin (1),[7] rhizobactin 1021 (2),[8] ach-


romobactin (3),[9] vibrioferrin (4),[10, 11] alcaligin (5),[12–14] and des-
ferrioxamine E (6).[15] Pioneering biochemical genetic studies in
the 1980s by Neilands and co-workers established that aero-


[a] Dr. G. L. Challis
Department of Chemistry, Warwick University
Coventry CV4 7AL (UK)
Fax: (+ 44) 24-7652-4112
E-mail : g.l.challis@warwick.ac.uk


ChemBioChem 2005, 6, 601 – 611 DOI: 10.1002/cbic.200400283 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 601







bactin is biosynthesised in Es-
cherichia coli via an NRPS-inde-
pendent pathway that utilises
two siderophore synthetase en-
zymes, IucA and IucC, to catalyse
the formation of the key amide
bonds that link the dicarboxylic
acid and diamine units contain-
ing the iron-chelating functional
groups together.[16, 17] For nearly
a decade, the aerobactin system
remained as an isolated example
of an NRPS-independent path-
way for siderophore biosynthe-
sis. However, over the last eight years, genetic studies have
established that seven further siderophores (rhizobactin 1021,
alcaligin, desferrioxamines, vibrioferrin, staphylobactin, anthra-
chelin and achromobactin) are biosynthesised by NRPS-inde-
pendent pathways, all utilising at least one enzyme with
significant sequence similarity to the aerobactin siderophore
synthetases.[18–28] Several of these pathways are found in
pathogens, and the siderophore products of most of these
have been shown to be either required for growth in the host
or important in pathogenesis. This under-investigated NRPS-
independent siderophore (NIS) biosynthesis pathway, which
appears to be present in over 40 species of bacteria, is the
subject of this article.


2. Genetic Studies of NRPS-Independent
Siderophore Biosynthesis


2.1. The aerobactin pathway


Aerobactin (1) mediates iron acquisition in many virulent E. coli
strains and is known to be important for pathogenesis.[29]


Genes encoding the aerobactin biosynthesis enzymes and an
outer-membrane receptor protein involved in the uptake of
the ferric aerobactin complex can be either plasmid- or chro-
mosome-borne, but they were first identified, cloned and char-
acterised from the large plasmid pColV-K30.[29, 30] The aerobac-
tin cluster consists of five genes. Four (iucABCD) direct aerobac-
tin biosynthesis, while the fifth (iutA) encodes the receptor pro-
tein (Figure 1).[16] The role of each of the IucABCD enzymes in
aerobactin biosynthesis was established by Neilands and co-
workers using a plasmid containing the iucABCD and iutA
genes in a series of gene deletion and subcloning experi-
ments.[16] Thus, expression of iucD in E. coli resulted in accumu-
lation of N-6-hydroxylysine (7) ; this suggested that IucD cataly-
ses N6-hydroxylation of lysine.[16] Subsequent in vitro experi-
ments on a purified recombinant derivative of IucD with a
modified N terminus confirmed that it is an FAD-dependent l-
lysine N6-hydroxylase (Scheme 1).[31] Extracts of E. coli express-
ing only iucA and iucB exhibited N-6-hydroxylysine N-6-acetyl-
transferase activity on addition of 7 and acetyl CoA, whereas
extracts from E. coli expressing only iucA did not.[16] Thus, IucB
is implicated in the N6-acetylation of 7 with acetyl CoA to
form N6-acetyl-N6-hydroxylysine (8; Scheme 1). This was con-


firmed by purification and biochemical characterisation of
IucB.[32] The hydroxamic acid 9, but not aerobactin (1), accumu-
lated in E. coli transformed with the plasmid containing iucABC-
DiutA, but with a 0.3 kb deletion in iucC ; this indicated that
IucA catalyses condensation of 8 with one of the prochiral car-
boxyl groups of citric acid to form 9 and that IucC condenses
8 with 9 to form aerobactin (Scheme 1).[16] The roles of IucA
and IucC were confirmed by further deletion and complemen-
tation experiments in conjunction with analyses for the accu-
mulation of 8 and 9.[17] Subsequently, the iucABCD gene cluster
was sequenced, thus confirming that iucD codes for a flavin-
dependent monooxygenase and iucB codes for an acetyl-CoA-
dependent acyltransferase.[33] Surprisingly, given that IucA and
IucC are implicated as amide synthetases, the deduced se-
quences of these enzymes do not contain any of the known
highly conserved sequence motifs for nucleotide triphosphate
(NTP) binding.[34] Nevertheless, the condensation of 8 with
both citric acid and 9 would require some means of activating
the carboxyl groups participating in the reactions to drive the
equilibrium towards the products. Such activation reactions
usually require an NTP, most often ATP, but the requirement
for NTPs as cosubstrates remains to be established for IucA
and IucC. In addition to E. coli, the aerobactin pathway has
been detected in several other bacteria including Aerobacter
aerogenes,[35] Salmonella arizona,[36] Vibrio mimcus,[37] Erwinia
carotovora subsp. carotovora,[38] Enterobacter cloacae,[39] Escheri-
chia fergusonii,[40] Shigella boydii,[41] Shigella flexneri [42] and Shi-
gella sonnei.[43] In many of these organisms the aerobactin
pathway enhances virulence.


The pioneering studies of Neilands and colleagues led to a
model for aerobactin biosynthesis (Scheme 1)[16] that serves as
a rational basis for suggesting plausible biosynthetic pathways
to other siderophores assembled by the NRPS-independent
pathway, in which the biosynthetic genes have been identified
and sequenced.


Although the aerobactin pathway remained the isolated ex-
ample of an NIS biosynthetic pathway for nearly a decade,
seven further gene clusters that direct NRPS-independent bio-
synthesis of siderophores have been identified and sequenced
in the last eight years. Four of these seven clusters have been
identified in the last year; this suggests that interest in this
area is rapidly expanding, partly as a result of the recent dra-
matic increase in microbial sequence data made available


Scheme 1. Pathway for aerobactin biosynthesis.[16, 17]


602 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 601 – 611


G. L. Challis



www.chembiochem.org





through genome projects. The following sections summarise
the published work to date on each of these pathways.


2.2. The alcaligin pathway


The second NIS biosynthetic pathway to be identified and se-
quenced was that for alcaligin (5) in Bordetella pertussis and
Bordetella bronchiseptica—the mammalian pathogens that
cause whooping cough in humans, kennel cough in dogs and
atrophic rhinitis in swine. Alcaligin was first isolated from the
marine bacterium Alcaligenes dentrificans subsp. xylosoxydans
and was subsequently identified as the siderophore of B. per-
tussis and B. bronchiseptica.[12–14] The structure of 5 has been
confirmed by total synthesis.[44] Reduced virulence in swine has


been reported for B. bronchiseptica mutants unable to produce
alcaligin.[45]


In 1995, Dyer and colleagues identified and sequenced a
B. bronchiseptica gene (alcA) coding for an enzyme similar to
flavin-dependent amino acid N-hydroxylases (e.g. IucD) in-
volved in siderophore biosynthesis in other bacteria and re-
quired for alcaligin biosynthesis.[18] The following year, Arm-
strong and co-workers reported the identification and se-
quencing of three genes alcABC required for alcaligin biosyn-
thesis in B. pertussis.[20] In the same year, this group reported
that the odc gene of B. pertussis and B. bronchiseptica, which
codes for a pyridoxal phosphate (PLP) dependent ornithine de-
carboxylase and is not clustered with alcABC, is also required
for alcaligin biosynthesis.[19] Feeding of odc-knockout mutants


Figure 1. Gene clusters for NIS biosynthesis. The name of the siderophore whose production is directed by each cluster is listed. Each cluster contains at least one
member of the siderophore synthetase superfamily shaded light grey, dark grey or black depending on whether it is a type A, B or C enzyme.
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with 1,4-diaminobutane restored alcaligin biosynthesis; this
suggests that 1,4-diaminobutane is a precursor of 5. The se-
quences of the alcA genes from B. bronchiseptica and B. per-
tussis are virtually identical. Sequence comparisons with data-
base proteins showed that AlcB and AlcC are similar to the
IucB and IucC enzymes of aerobactin biosynthesis, respectively.
This prompted Armstrong and colleagues to outline plausible
early steps for alcaligin biosynthesis, but a detailed proposal
for each step in alcaligin biosyn-
thesis has not yet appeared in
the literature (see Section 4.1
and Scheme 5, below).[20] Sub-
sequently, Dyer and colleagues
reported the identification and
sequencing of the alcABC
operon from B. bronchiseptica.[21]


Transcriptional analyses of the
alcABC genes showed they were
cotranscribed and that the tran-
script extended about 3.6 kb
beyond the 3’-end of alcC ; this
suggested that the alc cluster
might contain additional genes
required for alcaligin biosynthe-
sis.[22] This suggestion was con-
firmed by Locht and colleagues
who showed that there are three
further genes alcD, alcE and alcR
downstream of alcC in B. bron-
chiseptica (Figure 1).[23] The alcR
gene encodes a transcriptional regulator required for alcaligin
biosynthesis and transport.[22, 23] The question of whether AlcD
and AlcE are involved in alcaligin biosynthesis remains open,
and no suggestions for the possible role they might play have
been put forward. Very recently, the presence of the alcABCDER
operon in B. pertussis and B. parapertussis has been confirmed
by whole-genome sequencing of these organisms.[46]


2.3. The rhizobactin 1021 pathway


The structure of rhizobactin 1021 (2), a siderophore produced
by the alfalfa symbiont Synorhizobium meliloti, was reported in
1993.[8] Biosynthetic genes for 2 were first identified in 1989,
but the sequence of a region of the pSymA megaplasmid of
S. meliloti directing regulation, biosynthesis and transport of 2
was reported only recently by O’Connell and colleagues.[24] The
region contains an operon of six genes (rhbABCDEF) assigned a
role in the biosynthesis of 2, one gene (rhrA) assigned a role in
the regulation of rhizobactin 1021 biosynthesis and one gene
(rhtA) assigned a role in the transport of 2, on the basis of
gene disruption experiments and sequence comparisons
(Figure 1). Disruption of the rhbG gene directly downstream of
rhtA did not abolish siderophore production as measured by
chrome azurol S (CAS) and siderophore-uptake assays.[24] How-
ever, since the authors did not determine whether 2 or a struc-
turally related siderophore (e.g. in which the enoyl lipid moiety
in 2 is replaced with an acetyl group) was being produced by


the mutant, rhbG cannot be ruled out as a rhizobactin 1021
biosynthetic gene. The similarity of RhbC, RhbD, RhbF and
RhbE, to IucA, IucB, IucC and IucD, respectively, the structural
similarity between 1 and 2, and the similarity of RhbA and
RhbB to PLP-dependent enzymes, known to be involved in the
production of 1,3-diaminopropane, led the authors to propose
a largely plausible pathway for rhizobactin 1021 biosynthesis
(Scheme 2).[24] The question of how the enoyl–lipid moiety is


incorporated into 2 was left open. However, RhbG shows sig-
nificant similarity to IucB and other acyl-CoA-dependent acyl
transferases, and therefore it seems likely that this could cata-
lyse the acylation of N-hydroxydiaminobutyrate (10)s with 2-
decenoyl CoA (Scheme 2). Consequently, the possible role of
RhbG in the biosynthesis of 2 warrants further investigation.


2.4. The desferrioxamine pathway


Desferrioxamines are a group of related siderophores com-
posed of alternating N-hydroxycadaverine or N-hydroxyputres-
cine units and succinate units (e.g. desferrioxamine E (6)) that
are characteristic siderophores of Streptomyces spp.[15] Genes
that direct the biosynthesis of desferrioxamine B in Strepto-
myces pilosus were identified by Schupp and colleagues in
1987,[47, 48] although the sequence of these genes was not re-
ported. Subsequently, Expert and colleagues reported that a
gene coding for a protein with similarity to alcA is required for
desferrioxamine biosynthesis in Erwinia amylovora, although
the sequence of this gene was apparently also not deposited
in the databases.[49] In addition, they showed that desferrioxa-
mine production plays a role in the plant pathogenicity of this
bacterium. In 2002, Challis and co-workers identified a cluster
of four genes desABCD in the genome sequence of Streptomy-
ces coelicolor M145 that was proposed to direct the biosynthe-
sis of desferrioxamines.[50] A very similar cluster was also identi-
fied in the genome sequence of Streptomyces avermitilis.[51]


Scheme 2. Modified proposal for the biosynthetic pathway to rhizobactin 1021 (2), based on ref. [24].
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Very recently, the Challis group reported that inactivation of
desD abrogates production of 6, the major desferrioxamine
produced by S. coelicolor, along with three other yet to be
unambiguously identified tris-hydroxamate siderophores, pre-
sumed also to belong to the desferrioxamine family.[25] Se-
quence comparisons identified that DesA is similar to several
PLP-dependent decarboxylases, DesB is similar to flavin de-
pendent N-oxygenases, DesC is similar to acyl CoA-dependent
acyl transferases and DesD is similar to AlcC and IucC. This led
to the proposal of a possible pathway for desferrioxamine bio-
synthesis from l-lysine and succinyl CoA that made use of
these four enzymes (Scheme 3).[25] This pathway is consistent
with early steps for desferrioxamine B biosynthesis previously
proposed by Schupp and co-workers.[47–48]


2.5. The vibrioferrin pathway


Vibrio parahaemolyticus is a halophilic Gram-negative marine/
estuarine bacterial pathogen that causes seafood-related gas-
troenteritis throughout Asia. The isolation of the unusual side-
rophore vibrioferrin (4) from V. parahaemolyticus was reported
in 1992.[11, 12] The structure and absolute stereochemistry of vi-
brioferrin were subsequently confirmed by chemical synthe-
sis.[52] In December 2003, Yamamoto and co-workers reported
that an operon of five genes pvsABCDE directs vibrioferrin bio-
synthesis and transport in V. parahaemolyticus, on the basis of
gene-knockout experiments.[26] Thus, disruption of pvsA, pvsD
and pvsE all resulted in abrogation of vibrioferrin biosynthesis,
as judged by the CAS plate assay.[26] PvsA returns a hit to
PFAM01820, a family of proteins exemplified by the d-Ala-d-
Ala ligase enzyme of bacterial cell-wall biosynthesis, in a con-
served-domain search,[53] whereas PvsB and PvsD both return
hits to PFAM04183, exemplified by IucA and IucC, in a similar
search. PvsC is similar to membrane-spanning transport pro-
teins; this suggests that it might play a role in vibrioferrin
transport rather than biosynthesis. PvsE is similar to several
PLP-dependent decarboxylases involved in siderophore biosyn-
thesis. Although Yamamoto and colleagues did not propose a


detailed pathway for vibrioferrin biosynthesis on the basis of
their work,[26] a plausible pathway, consistent with the results
of the above sequence similarities, can be hypothesised (see
Section 4.2 and Scheme 6, below).


2.6. Pathways to staphylobactin and anthrachelin


In 2004, two gene clusters that direct the biosynthesis of side-
rophores of as yet undetermined structure were identified in
the genome sequences of the notorious pathogens Staphylo-
coccus aureus and Bacillus anthracis.[27, 28] The S. aureus cluster
contains an operon of nine genes (snbABCDEFGHI) that, on the
basis of insertional inactivation of snbE (which abolishes sidero-
phore production) and sequence comparisons, has been pro-
posed to code for enzymes involved in the biosynthesis of the
unknown siderophore dubbed “staphylobactin” (Figure 1).[28] In
addition, the production of staphylobactin was shown to en-
hance the virulence of S. aureus in a mouse model.[28] The
B. anthracis cluster contains six genes in an apparent operon,
one of which (asbA) abolishes production of the unknown
siderophore dubbed “anthrachelin”.[27] This cluster might also
encompass the gene upstream of absA, because this gene
shows sequence similarity to other acyl transferases involved
in siderophore biosynthesis. The absA mutant exhibited severe-
ly attenuated growth in macrophages and attenuated viru-
lence in mice.[27] In contrast, inactivation of a second independ-
ent NRPS pathway in B. anthracis, which is believed to direct
biosynthesis of siderophore similar to bacillibactin (the cate-
cholate siderophore of Bacillus subtilis), did not affect virulence
or growth in macrophages.[27] Blast searches reveal that the
abs cluster is also present in Bacillus cereus and Bacillus thurin-
giensis serovar konkukian.[54]


Both the sbn and the abs clusters contain genes (sbnC, sbnE,
sbnF and absA, absB) that code for proteins showing similarity
to IucA and IucC. It is therefore suggested that staphylobactin
and anthrachelin are likely to be siderophores with similar
structural features and iron-chelating functional groups to
compounds 1–6.


Scheme 3. Proposed pathway to desferrioxamine E (6).[25]


ChemBioChem 2005, 6, 601 – 611 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 605


Bacterial Siderophore Biosynthesis



www.chembiochem.org





2.7. The achromobactin pathway


Achromobactin (3) is a siderophore that was recently
isolated from Erwinia (now Pectinobacterium) chrysan-
themi.[9] Although no reports regarding genes that
direct the biosynthesis of 3 have yet appeared in the
literature, the sequence of a cluster of genes involved
in achromobactin biosynthesis was recently deposit-
ed in the Genbank database (accession numbers
AF416739 and AF416740, Figure 1). This cluster
shows striking similarity to the sbn cluster that directs
staphylobactin biosynthesis in S. aureus.[28] Like the
other seven clusters that direct siderophore biosyn-
thesis through the NRPS-independent pathway, the
achromobactin cluster contains genes that encode
proteins with sequence similarity to IucA and IucC.
Sequence analysis of the enzymes encoded by the
achromobactin cluster provides a rational basis for
proposing plausible pathways for achromobactin bio-
synthesis (see Section 4.3). It should be noted, how-
ever, that the achromobactin cluster might encom-
pass more than the seven genes reported in the two
Genbank files, which could alter these proposals.


3. Sequence Analysis of the Sidero-
phore Synthetase Superfamily


All eight of the NIS biosynthetic pathways character-
ised by genetic studies to date contain at least one
and often two or three genes coding for an enzyme
with similarity to IucA and IucC from the aerobactin
pathway, which is the only pathway where the roles
of these enzymes have been examined experimental-
ly.[16, 17] By using IucA and IucC as probes, a BLAST
search retrieves over 80 sequences from more than
40 bacterial species with significant (37–77 %) se-
quence similarity.[54] On the basis of the experimental-
ly determined functions of IucA and IucC and likely
roles deduced for orthologous enzymes from the
other NIS-biosynthesis clusters discussed above,
these proteins are proposed to form a new sidero-
phore synthetase superfamily that defines the NIS
pathway.


A multiple sequence alignment of 88 members of
this siderophore synthetase superfamily reveals sev-
eral new insights into the probable functions and
catalytic mechanisms of theses enzymes. Thus, phylo-
genetic analysis shows that the superfamily splits
into three types termed A, B and C (Figure 2). IucA is
representative of the type A group, which includes
RhbC, PvsD, AcsD, SbnE and AsbA, whereas IucC is
representative of the type C group, which includes RhbF, AcsC,
SbnF, AsbB, AlcC and DesD. The type B group does not cur-
rently contain any proteins of experimentally investigated
function, but is nevertheless represented by PvsB, AcsA and
SbnC. By considering the known roles for IucA and IucC in aer-
obactin biosynthesis in conjunction with the relationship be-


tween the structures of the products (where known) for the
seven other genetically characterised pathways, two plausible
models for the role each type of siderophore synthetase
enzyme plays in siderophore biosynthesis can be suggested. In
the first model (Scheme 4, top), each type of siderophore syn-
thetase is specific for a particular type of carboxylic acid sub-


Figure 2. Cladogram illustrating how the siderophore synthetase enzyme family splits into
three subfamilies based on a multiple sequence alignment of 88 IucA and IucC homologues
in the NCBI database.
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strate and can utilise either amines or alcohols as substrates in
amide- and ester-bond-forming reactions, respectively. Thus,
the type A enzymes catalyse the formation of an amide or
ester bond between an amino or hydroxyl group in a variety
of substrates and one of the two prochiral carboxyl groups of
citric acid; the type B enzymes catalyse amide (and possibly
also ester) bond formation between an amino or hydroxyl
group in a variety of substrates and the C5 carboxyl group of
a-ketoglutaric acid; and the type C enzymes catalyse the for-
mation of an amide or ester bond between an amine or alco-
hol substrate and a carboxyl group in monoamide or mono-
ester derivatives of citric or succinic acid. In the second model


(Scheme 4, bottom), each type of enzyme exhibits
high preference for either alcohol or amine nucleo-
philic substrates, yet can tolerate different carboxylic
acid substrates in the ester and amide synthetase re-
actions. Thus, the type A enzymes catalyse the forma-
tion of an amide bond between an amine substrate
and either one of the prochiral carboxyl groups in cit-
rate or the C5 carboxyl group of a-ketoglutarate (a-
KG); the type B enzymes catalyse ester-bond forma-
tion between an alcohol substrate and one of the
prochiral carboxyl groups of citric acid; and the
type C enzymes catalyse amide-bond formation be-
tween an amino group in diverse substrates and a
monoamide or monoester derivative of citric or suc-
cinic acid. Both of the models are consistent with the
relationship between the structures of the products
and the genes that direct their biosynthesis discussed
in Section 2. Although further biochemical and/or ge-
netic experiments will be required to discriminate be-
tween the two models, at this stage Model 1 is fav-
oured for two main reasons. Firstly, in either model,
each of the enzyme types has to tolerate considera-
ble structural variation in the nucleophilic substrate
regardless of whether it is an amine or an alcohol.
Secondly, the amine nucleophiles are very likely to be
protonated at physiological pH. Thus, regardless of
whether an amino or hydroxyl group is the nucleo-
phile, a general base would be required to deproto-
nate it, that is, the same kind of catalytic chemistry
would be employed. Thus, it seems logical to con-
clude that the division of the siderophore synthetase
superfamily into three types reflects specificity to-
wards the different types of carboxylic acid inter-
mediates in siderophore biosynthesis.


The second illuminating feature of the siderophore
synthetase superfamily revealed by the multiple se-
quence alignment is several amino acid residues that
are conserved in all or virtually all members of the
family. Thus, His242 in DesD is universally conserved
in all of the 87 other aligned sequences. This might
act as a general base required to activate the hydrox-
yl or protonated amino group of the incoming nucle-
ophile by deprotonation as part of the catalytic cycle
of the enzymes. Likewise, Arg280, Lys294, Arg306,
Arg373 and Asn445 (DesD numbering) are also uni-


versally conserved. Although a conserved Walker A- or B-like
motif cannot be detected within these aligned sequences,[34]


the reaction catalysed by the siderophore synthetase super-
family would be expected to utilise an NTP to activate the car-
boxyl group of the carboxylic acid substrates as an acyl adeny-
late or acyl phosphate intermediate as part of the catalytic
mechanism. The universally conserved Lys residue (or perhaps
one of the three universally conserved Arg residues) might in-
teract with the negatively charged oligophosphate of an NTP
and possibly also the carboxylate group of the carboxylic sub-
strate, as does a universally conserved Lys residue in other
NTP-utilising enzymes.[34] Within the conserved motif S/A-X-R-


Scheme 4. Two models for the reactions catalysed by type A, B and C siderophore synthetas-
es (X = NH2 or OH).
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S/T, the first residue is Ser in all but two of the 88 sequences
aligned and the fourth residue is either Ser or Thr in all of the
sequences. Similarly, the last residue within the conserved se-
quence motif K/N/R-X14-P/A-D/E is Asp or Glu in all of the se-
quences aligned. Together with the universally conserved His,
these highly conserved Ser/Thr and Asp/Glu residues might
form part of an a,b-hydrolase-like His-Ser-Asp catalytic triad
that covalently tethers the carboxylic acid substrate through
an ester linkage to Ser or Thr by reaction with an acyl adeny-
late or acyl phosphate intermediate.[55] Thus, this multiple se-
quence alignment provides significant insights and suggests
possible lines of future enquiry regarding the catalytic mecha-
nism of the siderophore synthetase superfamily.


Proposals for Other NRPS-Independent
Siderophore Biosynthetic Pathways


Plausible biosynthetic pathways for aerobactin, rhizobactin
1021 and desferrioxamine E have already been proposed in
the primary literature (see Section 2). The sequence analysis
presented in Section 3 is completely consistent with these pro-
posals because both the aerobactin and the rhizobactin 1021
pathway utilise one type A and one type C siderophore synthe-
tase,[16, 17, 24] whereas the desferrioxamine pathway utilises only
one type C enzyme.[25] For alcaligin, vibrioferrin and achromo-
bactin, either incomplete or no biosynthetic pathways have
thus far been proposed. The analysis presented in Section 3, in
combination with other sequence comparisons, allows plausi-
ble pathways to each of these siderophores to be suggested.
In addition, it provides clues regarding the identity of some of
the building blocks incorporated into siderophores of hitherto
undetermined structure. Each of these is discussed in turn in
the following sections.


4.1. Alcaligin


Armstrong and co-workers have provided compelling evidence
that the first step in alcaligin biosynthesis in Bordetellae is de-


carboxylation of ornithine to yield putrescine (13), mediated
by the PLP-dependent decarboxylase Odc (Scheme 5).[19] They
propose that putrescine is converted by AlcA, which codes for
a probable FAD-dependent monooxygenase, into its N-hydroxy
derivative 14.[20] This reaction is analogous to that shown to be
catalysed by IucD in aerobactin biosynthesis, and it seems
highly plausible that this is the second step in alcaligin biosyn-
thesis. Armstrong and co-workers also suggested that 14 un-
dergoes acylation with succinic acid, catalysed by AlcB.[20] This
seems unlikely, however, because one of the carboxyl groups
in succinic acid would need to be activated by, for example,
reaction with ATP or as a thioester derivative in order for this
reaction to be thermodynamically and kinetically favoured.
It seems more likely that AlcB catalyses N-acylation of the
hydroxylamine group in N-hydroxyputrescine with succinyl
CoA—an activated monothioester derivative of succinic acid
that is an intermediate in the Krebs cycle—to give 15
(Scheme 5). This reaction is very similar to the acylation of N6-
hydroxylysine with acetyl CoA in the aerobactin pathway cata-
lysed by IucB,[16] which shows significant sequence similarity to
AlcB. Compound 15 could then undergo C-hydroxylation
mediated by AlcE, which shows significant similarity to Rieske
dioxygenases such as naphthalene dioxygenase, to yield 16.[55]


In this case AlcE would be acting as a monooxygenase. Finally,
AlcC, which belongs to the type C siderophore synthetase
family, could catalyse NTP-dependent dimerisation of 16 fol-
lowed by NTP-dependent macrocyclisation to yield alcaligin (5 ;
Scheme 5). The role played by AlcD, if any, in alcaligin biosyn-
thesis remains uncertain. This hypothetical pathway closely re-
sembles that recently proposed for the structurally related des-
ferrioxamine E in S. coelicolor (see Section 2.2 and Scheme 3).[25]


4.2. Vibrioferrin


Although Yamamoto and co-workers did not propose a de-
tailed pathway for vibrioferrin biosynthesis in Vibrio parahae-
molyticus, a plausible pathway can be suggested on the basis
of sequence analysis of the proteins coded for by the


Scheme 5. Hypothetical pathway for alcaligin biosynthesis, based partly on ref. [20] .
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pvsABCDE cluster and the analysis presented in Section 3. Thus,
PvsE is similar to PLP-dependent amino acid decarboxylases,
and it seems likely that it would catalyse the decarboxylation
of serine to yield ethanolamine (17; Scheme 6). PvsA shows


similarity to ATP dependent amino acid ligases such as d-Ala-
d-Ala ligase and therefore could catalyse initial activation of
the carboxyl group in l-Ala through reaction with ATP to gen-
erate an acyl phosphate intermediate that could undergo nu-
cleophilic attack by the amino group of ethanolamine to give
18 (Scheme 6).[56] PvsD belongs to the type A siderophore syn-
thetases and, according to Model 1 (see Section 3, Scheme 4),
could catalyse the formation of an ester bond between the hy-
droxyl group of 18 and one of the prochiral carboxyl groups of
citrate to yield 19 (Scheme 6). Finally, PvsB belongs to the
type B siderophore synthetases and, according to the same
model, could catalyse the condensation of the amino group in
19 with the C5 carboxyl group of a-ketoglutarate (a-KG) to
yield vibrioferrin (Scheme 6). If model 2 proves to be correct,
the order and nature of the reactions catalysed by PvsB and
PvsD would be different.


The vibrioferrin pathway clearly warrants further investiga-
tion either through determination of intermediates accumulat-
ed in pvsA, pvsD and pvsB mutants or through examination of
the reactions catalysed by purified recombinant PvsA, PvsD
and PvsB in vitro. In particular, it would be very interesting to
learn the reaction catalysed by PvsD, which forms part of the
hitherto uncharacterised type B siderophore synthetases.


4.3. Achromobactin


Although no publications have yet appeared regarding the
pathway to achromobactin (3) in Pectobacterium chrysanthemi,
a plausible pathway can be proposed on the basis of the data
deposited in Genbank (accession numbers AF416739 and
AF416740) and the analysis presented above. Thus, AcsE
shows similarity to PLP-dependent amino acid decarboxylases
and probably catalyses the same reaction as PvsE in vibriofer-
rin biosynthesis, that is, decarboxylation of serine to yield etha-
nolamine. AcsD belongs to the type A siderophore synthetases
and, according to Model 1, could therefore catalyse the con-
densation of either the hydroxyl group of ethanolamine (17) or
the N5-amino group of ornithine with one of the prochiral car-


boxyl groups of citric acid to form 20 or 21 (Scheme 7). AcsC,
which is a type C siderophore synthetase could then catalyse
condensation of either ethanolamine or ornithine (depending
on which of these was utilised by AcsD) with the other (origi-


nally prochiral) carboxyl group
of the citrate unit in 20 or 21 to
yield 22. Finally, AcsA, which
groups with the type B sidero-
phore synthetases, could cata-
lyse acylation of both of the
amino groups in 22 with a-keto-
glutarate (a-KG) to form achro-
mobactin (3 ; Scheme 7). A plau-
sible role for AcsB, which shows
similarity to aldolases, in achro-
mobactin biosynthesis cannot
be proposed on the basis of the


preceding analysis. It is important to note that it is impossible
to rule out that further genes, beyond those that have been
deposited in the Genbank files, could be required for achromo-
bactin biosynthesis. It is also worth bearing in mind that the
order of steps could be different from that proposed above for
alcaligin, vibrioferrin and achromobactin biosynthesis.


4.6. Other siderophores


Even though the structures of staphylobactin and anthrachelin
have yet to be determined, some clues regarding possible
structural elements of these siderophores can be derived from
analysis of the genes within the sbn and asb clusters.[27, 28] Thus,
SbnA and SbnB show similarity to a putative O-acetyl serine


Scheme 6. Hypothetical pathway for vibrioferrin biosynthesis.


Scheme 7. Hypothetical pathway for achromobactin biosynthesis.
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sulfhydrolase and a putative ornithnine cyclodeaminase, re-
spectively, which have recently been proposed to catalyse the
formation of 2,3-diaminopropionic acid from O-acetyl serine
and ornithine in the biosynthesis of the antibiotic viomycin.[57]


SbnH shows similarity to PLP-dependent amino acid decarbox-
ylases and might catalyse either the decarboxylation of 2,3-di-
aminopropionate to form 1,2-diaminoethane or the decarboxy-
lation of other diamino or aminohydroxy acids to form di-
amines or hydroxyamines, respectively, that get incorporated
into the staphylobactin structure. SbnE, SbnC and SbnF belong
to the type A, type B and type C siderophore synthetase fami-
lies, respectively, and according to Model 1 (see Section 3)
might be responsible for incorporating diamide or amidoester
derivatives of citric acid and d-amido or d-ester derivatives of
a-ketoglutarate into the staphylobactin structure. Overall the
staphylobactin cluster shows a high degree of similarity to the
achromobactin cluster, and it seems reasonable to suggest
that the achromobactin and staphylobactin structures might
share many common structural elements.


AsbA and AsbB group with the type A and type C sidero-
phore synthetase families, respectively ; this suggests that an-
thrachelin might contain a diamido or amido ester derivative
of citric acid and share some structural features with aerobac-
tin and rhizobactin.


5. Future Opportunities and Challenges


The identification of eight distinct but clearly related NRPS-
independent pathways for siderophore biosynthesis provides a
unique opportunity to study the biochemistry and mechanistic
enzymology underpinning the assembly of the siderophores
within this structurally diverse family. In particular, understand-
ing the catalytic mechanism employed by the siderophore syn-
thetase superfamily and the mechanisms used by the type A, B
and C enzymes within this superfamily to discriminate be-
tween their different substrates will be important and chal-
lenging future goals. A multidisciplinary approach combining
molecular genetics, analytical chemistry, organic synthesis,
mechanistic enzymology and structural biology will be re-
quired to effectively tackle these challenges. It is already clear
that in many pathogens the NRPS-independent pathways to
siderophores are required for pathogenicity or enhance viru-
lence. A better understanding of the mechanistic enzymology
of NIS biosynthesis, especially those enzymes (such as the side-
rophore synthetase superfamily) common to all the pathways,
might create the opportunity to design, synthesise and test
inhibitors as potential antibacterial agents.


6. Conclusion


For many years following the initial discovery and characterisa-
tion of the aerobactin pathway, relatively slow progress was
made in the discovery of other NRPS-independent pathways
for siderophore biosynthesis. As a consequence, the explosion
of interest in the mechanistic enzymology of nonribosomal
peptide biosynthesis in the early 1990s led to the impression
that most microbial siderophores are biosynthesised by NRPS-


dependent pathways.[6] The recent increase of interest in side-
rophore biosynthesis pathways coupled with rapid recent
progress in microbial genome sequencing has led to the dis-
covery of a widely distributed NRPS-independent pathway for
siderophore biosynthesis. This pathway utilises members of
the siderophore synthetase superfamily as a common strategy
for assembling siderophores containing a-hydroxy acid and hy-
droxamic acid chelating ligands for ferric iron. This pathway is
distributed over more than forty diverse bacterial species, in-
cluding plant and animal pathogens, saprophytes and plant
symbionts. In contrast to the NRPS-dependent pathway, very
little is known about the mechanistic enzymology of the rapid-
ly emerging NRPS-independent pathway. This is likely to
become a major focus for future research, and the hypothetical
pathways for siderophore biosynthesis put forward in this arti-
cle, while not intended to be firm predictions, should serve as
useful models for developing our understanding of this enzy-
mology. The knowledge gained from such studies might allow
inhibitors of the siderophore synthetase superfamily to be de-
veloped as potential antibacterial agents for use in medicine
and agriculture and is certain to improve our understanding of
the mechanisms employed by Nature for the assembly of com-
plex natural products.


Note added in proof


After this manuscript had been accepted for publication, a report
on the achromobactin biosynthetic gene cluster appeared. See: T.
Franza, B. Mahe. D. Expert, Mol. Microbiol. 2005, 55, 261–275.
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The Chemistry and Biology of Nitroxyl (HNO):
A Chemically Unique Species with Novel and
Important Biological Activity
Jon M. Fukuto,*[a] Andrew S. Dutton,[b] and Kendall N. Houk*[b]


Introduction


In the late 1980s, it was reported that mammals synthesize
nitric oxide (NO) to elicit vasorelaxation.[1–3] This significant
finding represents a fundamentally new paradigm in cell sig-
naling whereby a small, low-molecular-weight, normally gas-
eous species (in its pure form at room temperature and pres-
sure) is biosynthesized specifically for the purposes of cell
signal transduction. Since that watershed discovery, there has
been significant interest in nitrogen oxide biology and chemis-
try. It is now known that nitric oxide, and other related nitro-
gen oxides, play key roles in a variety of mammalian physio-
logical and pathophysiological processes. For example, nitro-
gen oxides are also biosynthesized in the central nervous
system, during an immune response, and in mitochondria (al-
though the mechanisms and roles of nitrogen oxide produc-
tion in these other systems are not well defined).[4] Along with
NO, other related/derived nitrogen oxide species have become
the subjects of research interest and are proposed to have bio-
logical significance. In this regard, the biology and chemistry
of peroxynitrite (ONOO�), nitrogen dioxide (NO2), and dinitro-
gen trioxide (N2O3), all species derived from reactions of NO
with oxygen and oxygen-derived species, have been examined
in detail and implicated in numerous physiological/pathophys-
iological processes.[5] Reduced nitrogen oxides (relative to NO)
such as hydroxylamine (NH2OH) have received much less
recent attention but have been studied in the past with re-
gards to their biological activity/toxicity.[6] Most nitrogen
oxides have been examined previously to the extent that the
mechanisms of their biological actions can be gleaned from
what is known about their chemical properties and reactivity.
However, among all nitrogen oxides, the one-electron reduced
NO species, nitroxyl (HNO), remains poorly understood and in-
adequately studied. This species, however, has garnered much
recent attention because of reports of its unique and potential-
ly important biological activity (vide infra). Herein, we briefly
review some of the recent discoveries regarding the unique
biological actions of HNO and then discuss some recent and
profound revelations about the novel chemistry of this enig-
matic nitrogen oxide species.


HNO Biology


It is well established that nitrogen oxides such as NO, NO2, and
ONOO� can be generated in mammalian systems under certain
conditions. However, it is unknown whether HNO is endoge-


nously generated since there has been no unequivocal demon-
stration of its production in mammalian cells (discussed in
more detail later). Therefore, the question of whether HNO is
an endogenous signaling/effector species, akin to NO, remains
unanswered. Regardless, several studies demonstrate potential-
ly important biological activity associated with pharmacologi-
cal administration of HNO. Some of the earliest studies in this
regard found HNO to be a fairly potent vasorelaxant, possibly
serving as a precursor to NO.[7] At about the same time, Naga-
sawa and co-workers reported that HNO was a potent inhibitor
of the enzyme aldehyde dehydrogenase and had the potential
to be developed as a treatment for alcoholism.[8, 9] The mecha-
nism by which HNO inhibits aldehyde dehydrogenase was pro-
posed to be through reaction with the active-site thiolate,
leading to covalent modification and loss of catalysis.[10] This
was one of the earliest demonstrations of the thiophilic reac-
tivity of HNO (vide infra), a property of HNO that might be
very important to its general biological activity. Other thiol pro-
teins are also susceptible to disruption by HNO. For example,
HNO will inhibit the activity of metal-binding transcription fac-
tors in yeast, again presumably through reaction with the thio-
late functional groups on the protein.[11] These studies in the
whole-cell yeast system indicate the capacity of HNO to cross
cell membranes and access intracellular space. The ability of
HNO to generally affect thiol systems in cells was also demon-
strated by Wink and co-workers when they reported that expo-
sure of fibroblasts to HNO resulted in a dramatic depletion of
the most prevalent intracellular thiol species, glutathione.[12]


The effects of intracellular glutathione depletion can be dra-
matic since it is, among other things, responsible for maintain-
ing protein thiols in their reduced form.


Ischemia-reperfusion injury is a phenomenon whereby ische-
mic (oxygen-deplete) tissues are greatly damaged when the
oxygen supply (reperfusion of blood) is reintroduced. The etiol-
ogy of this injury is not firmly established but probably in-
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volves the generation of “reactive oxygen species” (ROS) such
as superoxide (O2


�) and hydrogen peroxide (H2O2) during the
reperfusion event.[13] Nitric oxide is known to protect against
reperfusion injury, possibly by scavenging O2


� . However, HNO,
administered by using the HNO donor Angeli’s salt (vide infra),
greatly exacerbates ischemia-reperfusion injury when adminis-
tered during reperfusion.[14] The exacerbation of ischemia-re-
perfusion injury by HNO is reported to be due to increased
neutrophil infiltration. Moreover, Takahira and co-workers pro-
pose that neutrophil infiltration in ischemia-reperfusion injury
might be due to the endogenous production of HNO, which
can be ameliorated by the administration of the anti-inflamma-
tory drug dexamethazone.[15] Interestingly, when HNO is given
prior to ischemia, protection against subsequent reperfusion
damage is observed.[16]


Overactivation of the glutaminergic N-methyl-d-aspartate
(NMDA) receptor is involved in the excitotoxicity associated
with glutamate. Nitroxyl is protective against this type of toxic-
ity as it is able to attenuate the activity of the NMDA receptor
by modifying a critical thiol residue, exemplifying the ability of
HNO to react with protein thiols, leading to a decrease in Ca2 +


influx.[17] However, another study reports that HNO is capable
of increasing Ca2 + influx by blocking a desensitization path-
way.[18] These dichotomous reports might be the result of dif-
ferences in the experimental conditions of the studies and
remain to be reconciled. Regardless, it is clear that HNO can
dramatically alter the activity of the NMDA receptor and the
nature of these actions is likely to be dependent on cellular/
experimental conditions.


Much of the recent excitement in the chemistry and biology
of HNO was the result of a report by Paolocci and co-workers
regarding the effects of HNO on failing hearts. They made the
provocative and pharmacologically important discovery that
HNO has the somewhat unique ability to increase left ventricu-
lar contractility and, at the same time, to lower cardiac preload
and diastolic pressure without increasing arterial resist-
ance.[19, 20] The ability of nitroxyl to act in this regard makes it
an ideal candidate for treating heart failure since it will in-
crease heart contractility while decreasing vascular resist-
ance.[21] These effects are independent of b-adrenergic signal-
ing and cGMP and are, instead, mediated by elevated levels of
calcitonin gene-related peptide.[20, 22] The activity of calcitonin
gene-related peptide is the result of its ability to activate the
calcitonin-receptor-like receptor. This is an adenylate cyclase-
coupled receptor system and, therefore, leads to an elevation
of intracellular cAMP.[23, 24] This indicates that HNO can act (at
least in the vascular system) through a cAMP signal transduc-
tion pathway, which is fundamentally distinct from NO whose
vascular activity is due to elevation of cGMP. This “orthogonal”
relationship between HNO and NO indicates that the actions
of HNO are not merely due to its oxidative conversion to
NO.[22]


Endogenous HNO generation


Based on the discussion above, it is tempting to speculate that
the unique signaling properties of HNO and its possible


“orthogonal” relationship with NO are part of an intricate and
important endogenous signal transduction system. However, it
needs to be emphasized that there has, to date, been no un-
equivocal demonstration of the endogenous production of
HNO in mammalian systems. Of course, this does not necessa-
rily detract from the potential pharmacological importance of
HNO. The lack of evidence for endogenous HNO generation
might be due to the fact that there is currently no efficient,
specific and/or sensitive detection method amenable for use in
biological systems. Difficulties in developing appropriate detec-
tion systems are, to a large part, due to its inherent chemistry
and fleeting nature (vide infra). Regardless, several reports
allude to the possibility of biological HNO generation and
chemical/biochemical processes have been characterized
which allow for the possibility, if not probability, for endoge-
nous HNO formation. These processes are discussed below.


It is generally established that S-nitrosothiols can be formed
in mammalian systems from the reaction of protein or peptide
thiols with endogenously generated nitrogen oxide species.[25]


Although there is no consensus agreement as to the mecha-
nism(s) by which S-nitrosothiols are formed (or their biological
relevance), there appears to be little doubt that they are preva-
lent. Accepting this, one possible mechanism for the endoge-
nous generation of HNO is the reaction of an S-nitrosothiol
with another thiol species [Eq. (1)] .[26, 27]


RS�NOþ R0�SH! RSSR0 þ HNO ð1Þ


The reaction of a thiol with an S-nitrosothiol can have an alter-
native outcome as well. Equation (1) depicts a process where-
by thiol attack occurs on the sulfur atom of the S-nitrosothiol
to give the corresponding disulfide and HNO. Alternatively, the
attacking thiol can react at the nitroso function, resulting in a
simple trans-nitrosation process (for example, the transfer of a
nitrosonium equivalent from one thiol to the other).[28] The fac-
tors that govern the relative rates of these two competing
processes have not yet been thoroughly investigated.


Nitric oxide is synthesized by a family of enzymes referred to
as the nitric oxide synthases.[29] They are capable of converting
l-arginine to NO and l-citrulline via an intermediate N-hy-
droxy-l-arginine. A number of chemical studies indicate that
HNO can be generated from oxidative degradation of N-hy-
droxy-l-arginine.[30–32] This has the potential to be a physiologi-
cally relevant process since N-hydroxy-l-arginine has been de-
tected at significant levels (up to 20 mm) in plasma[33, 34] and is
released by some cells in vitro.[35] HNO might also be generat-
ed by nitric oxide synthase directly[36, 37] especially when it is
deplete of one of its prosthetic groups, tetrahydrobiopter-
in.[38, 39]


Since HNO is the one-electron reduction product of NO, it is
possible that simple reduction of NO can result in endogenous
HNO formation. Indeed, it has been proposed that the reduc-
tion of NO can occur in mitochondria[40, 41] or by reaction with
ubiquinol,[42] cytochrome c,[43] manganese superoxide dismu-
tase,[44] and xanthine oxidase.[45] Clearly, an important factor in
the generation of HNO from biological NO reduction might be
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the reduction potential of NO. Recent and significant work
regarding the NO reduction potential will be discussed later.


Like NO, HNO possesses unique and potentially important
biological activity. Although it is not known whether the ac-
tions of HNO are part of a normal, endogenous signaling
system, the potential pharmacological importance of HNO ne-
cessitates further investigation of the intimate details of its
mechanism(s) of action. To date, the chemical mechanism by
which HNO elicits its potentially beneficial effects for the treat-
ment of heart failure or ischemic-reperfusion injury is wholly
unknown. Thus, the question remains: What is the chemistry
of HNO responsible for its observed biological activity? In the
following section, we discuss some of the fundamental chemi-
cal properties and reactivity of HNO, some of which has only
recently come to light. The chemistry discussed below serves
only as a starting point in our attempt to provide chemical
rationale for the unique and important biology of HNO.


The Physiological Chemistry of HNO


Before embarking on a discussion of the chemistry of HNO, it
is worthwhile to briefly address nomenclature. The term “ni-
troxyl” is, at best, ambiguous and confusing. It does little to
describe the structure or molecular makeup of this species. In
fact, a literature search of this term will reveal that it is used at
times to describe not only HNO but also the functional group
characterized by a stable unpaired electron otherwise called a
nitroxide (e.g. R2NOC). A more appropriate, less ambiguous, and
more descriptive moniker for HNO is “nitrosyl hydride”.[46] How-
ever, the use of the term “nitroxyl” to refer to HNO is en-
trenched in both the chemical and biological literature. Thus,
we continue to use this term so as not to add to the confusion
and to remain consistent with most of the current literature on
this topic. A second issue is that “nitroxyl” is used to describe
both HNO and the conjugate base, NO� , which are in equilibri-
um in basic media (vide infra).


The chemistry of nitroxyl has been a topic of discussion for
over 100 years. The first recorded mention of nitroxyl was as a
proposed product of the decomposition of sodium trioxodini-
trate (Na2N2O3), also known as Angeli’s salt [Eq. (2)] .[47]


Na2N2O3 þ Hþ ! ½NaHN2O3� ! HNOþ NaNO2 ð2Þ


However, experimental validation of the actual existence of
HNO was not obtained until 1958 when Brown and Pimentel
observed it spectroscopically from the photolysis of methyl ni-
trite in an argon matrix.[48] Subsequent reports described the
chemistry of HNO, and other related nitrogen oxides, generat-
ed by pulse radiolysis.[49, 50] These studies resulted in the eluci-
dation of some of the fundamental chemical properties of
HNO (although some of these properties have been re-evaluat-
ed and revised recently, vide infra). The generation of HNO
from Angeli’s salt has been established by a series of excellent
studies[51] and has recently been examined theoretically.[52]


Indeed, this salt has been used extensively in the discovery of
many of the biological actions of HNO.


At first glance, HNO appears to be a simple triatomic species
requiring no special consideration. However, HNO is a unique
species with novel and atypical chemistry and most research-
ers are unfamiliar with this simple species. While simple nitro-
gen oxides such as nitrate (NO3


�), nitrite (NO2
�), nitrogen diox-


ide (NO2), nitric oxide (NO), and hydroxylamine (NH2OH) have
received much attention in the literature, nitroxyl is a relative
stranger. This has to do with the inherent instability of HNO
(vide infra), making experimentation difficult, and the previous
lack of evidence for any biological relevance. However, promi-
nent discoveries of the importance of nitrogen oxide chemistry
in mammalian (patho)physiology as well as the previously
mentioned reports of the novel biological activity of HNO spe-
cifically have prompted many laboratories to attempt to fur-
ther define the inherent chemistry of HNO.


Even the simplest of all processes involving HNO, deproto-
nation, is relatively complex. The electronic ground state of
HNO is singlet where all electrons are spin-paired, the usual
case for stable molecules. However, deprotonation of HNO
generates an anion (often referred to as nitroxyl anion or,
more appropriately termed, oxonitrate (1-), NO�), which is iso-
electronic with dioxygen (O2). As for O2, NO� has two low-
energy spin states, singlet (1NO�) and triplet (3NO�). The
ground state of NO� is the triplet, 3NO� , just like O2. The excit-
ed singlet spin state is approximately 17–20 kcal mol�1 higher
in energy,[53] similar to the energy gap (23 kcal mol�1) in O2.
This means that the electronic ground states for the protonat-
ed and deprotonated nitroxyl species are different. This is a
unique situation since most all other simple protonation–de-
protonations occur without a change in the nature of the elec-
tronic ground states of the products (the high-energy protona-
tion, 3O2!HOO+ would be analogous). Simple deprotonation
of HNO can conceivably occur via two distinct pathways: 1) de-
protonation of singlet HNO to initially give 1NO� , followed by
intersystem crossing to the triplet ground state, 3NO� or 2) de-
protonation of singlet HNO directly to the triplet species,
3NO� , without the intermediacy of the singlet species. It was
earlier proposed that HNO deprotonates via pathway 1
through the intermediacy of the excited state anion.[54] Howev-
er, this is no longer considered to be the case. Recent theoreti-
cal and experimental work finds that the relevant equilibrium
is between the singlet protonated species and the triplet
anion [Eq. (3)] .[53, 55–59]


1HNOÐ 3NO� þ Hþ ð3Þ


Thus, protonation–deprotonation of nitroxyl represents a spin-
forbidden processes and would be expected to be considera-
bly slower than normal acid–base reactions. This is indeed the
case, although the spin conversion might play only a minor
role in the intersystem barrier as it is proposed that nuclear
reorganization energies represent most of the activation
barrier.[59]


It is now established that deprotonation of HNO (or protona-
tion of 3NO�) represents a unique process as it requires a spin
state conversion; but what is the pKa of HNO? Direct experi-
mental determination of the HNO pKa is confounded by the
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fact that HNO can dimerize–dehydrate to give N2O and water
[Eq. (4)] .[58, 60]


HNOþ HNO! ½HONNOH� ! N2Oþ H2O ð8� 106
m
�1 s�1Þ ð4Þ


The existence of this reaction prohibits establishment of a
chemical equilibrium between protonated and unprotonated
species and, therefore, precludes straightforward determina-
tion of the HNO pKa. Regardless, in 1970, using pulse radiolysis
to generate NO� , Gratzel and co-workers[49] reported a pKa for
HNO of 4.7. This was the generally accepted value until recent-
ly. Clearly, a pKa of 4.7 would predict that the near exclusive
species at physiological pH would be the anion. However,
studies on the reactivity of HNO at physiological pH were ap-
pearing in the literature and were more consistent with
chemistry occurring through HNO rather than the anion.[26]


This put into question the validity of the reported pKa of 4.7.
Prompted by this paradox, Bartberger and co-workers[53] re-
evaluated the HNO pKa by using quantum mechanical calcula-
tions. The first study revised the pKa upward to a value of ap-
proximately 7.2. This report not only revised the pKa but also
indicated that the relevant equilibrium was between singlet
HNO and the triplet anion [Eq. (3)] (a conclusion already drawn
by Janaway and Brauman for the gas phase[56]). Subsequent ex-
perimental work by Shafirovich and Lymar[58] and theoretical
re-evaluation by Bartberger and co-workers[57] have now pro-
vided a consensus agreement that the pKa of HNO is approxi-
mately 11.4. Thus, it is now established that at physiological
pH HNO is the near exclusive species, not NO� . It should be re-
alized, however, that if 3NO� can be biologically generated, the
slow protonation reaction allows 3NO� to have a significant
lifetime (milliseconds), even though protonation is highly fa-
vorable.[59]


One-electron reduction of NO to HNO/NO� is a possible
mechanism for nitroxyl generation in biological systems. Of
course, the prevalence of this process in biological systems will
be highly dependent on the reduction potential of NO. Experi-
mental determination of the one-electron reduction potential
of NO to HNO/NO� has been problematic because of the exis-
tence of catenation reactions between NO� or HNO and NO
[Eqs. (5)–(7) and (8)–(10)] .[49, 50, 61]


NO� þ NO! N2O2
� ðk ¼ 1:7� 3:3� 109


m
�1 s�1Þ ð5Þ


N2O2
� þ NO! N3O3


� ðk ¼ 3� 4:9� 106
m
�1 s�1Þ ð6Þ


N3O3
� ! N2Oþ NO2


� ðk ¼ 87� 330 s�1Þ ð7Þ


HNOþ NO! HN2O2 ð5:8� 106
m
�1 s�1Þ ð8Þ


HN2O2 þ NO! HN3O3 ð8� 106
m
�1 s�1Þ ð9Þ


HN3O3 ! N2Oþ HNO2 ð1:6� 104 s�1Þ ð10Þ


These reactions can confound experiments involving direct
electrochemical reduction of NO, since they are responsible for
the irreversibility of this process and lead to other species in
solution with distinct electrochemistry. Moreover, NO can bind/


adsorb to metal-electrode surfaces, and many reported reduc-
tion potential measurements are likely to be of an NO–metal
complex rather than NO itself, or to involve multielectron proc-
esses. In fact, reduction potentials for NO ranging from 0.4 to
�1 V (versus normal hydrogen electrode (NHE) throughout)
have been reported. Probably the most reliable, early experi-
mental determinations for the NO reduction potential were by
Ehman and Sawyer[62] and Benderski and co-workers[63] who
used chroniopotentiometric/controlled-potential coulometric
techniques and photoelectrochemical measurements, respec-
tively, on free NO. Both studies yielded reduction-potential
values of approximately �0.8 V (these studies do not specifical-
ly mention the spin states of the nitrogen oxide species). How-
ever, an often-quoted and theoretically-derived reduction po-
tential for the NO/3NO� couple is 0.39 V.[54] The huge discrepan-
cy between the theoretical and experimental values for the
NO/NO� couple was disconcerting and remained an enigma
until only recently. The theoretically-derived value of 0.39 V
was based on two major assumptions; an HNO pKa of 4.7 and
that the relevant equilibrium is between HNO and 1NO� . Since
both of these assumptions have recently been determined to
be invalid, the calculated NO reduction potential must be in
error as well. Indeed, recalculation of the NO/3NO� couple by
using the revised pKa and the different equilibrium gives a
reduction potential for the NO/3NO� couple of approximately
�0.8 V.[57] Thus, the difference between experiment and calcu-
lation can now be reconciled. Of particular note, since the NO
reduction potential and HNO pKa are mathematically/theoreti-
cally linked,[54] unequivocal determination of one value vali-
dates the other. Thus, reconciling the experimental and theo-
retical determinations of the NO reduction potential serve to
firmly establish the newly revised HNO pKa of approximately
11.4. Since protonation of 3NO� to HNO is highly favorable at
physiological pH, there is a positive shift in the potential to ap-
proximately �0.5 to �0.6 V as the pH is lowered.[57, 58] The neg-
ative values for the one-electron reduction potentials for both
the NO/3NO� and NO,H+/HNO couples indicate that one-elec-
tron reduction of NO by an outer-sphere electron-transfer
process might be difficult under biological conditions. Howev-
er, if the intracellular concentrations of the reductants and oxi-
dants are considered, this process might become biological
accessible.[64]


Thus far, the discussion has concentrated on the chemistry
of HNO and 3NO� . However, other structural/spin-state conge-
ners of nitroxyl exist. Both a triplet protonated species,
3NOH,[65, 66] and, as mentioned previously, a singlet anionic spe-
cies, 1NO� , have been the subjects of previous studies. These
species are thought to be biologically inaccessible since they
are not likely to be generated under typical biological condi-
tions by thermal processes. The relative energetics of these
species are depicted in Figure 1. Thus, the biology of nitroxyl is
undoubtedly dominated by HNO. However, if generated, 3NO�


can have a significant lifetime prior to protonation and might
be able to participate in biological chemistry.


The reaction of nitroxyl with O2 has become a topic of con-
siderable interest because of its potential biological relevance.
It is established that 3NO� can react with O2 at near dif-
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fusion-controlled rates to generate peroxynitrite, ONOO�


[Eq. (11)] .[58, 67, 68]


3NO� þ 3O2 ! ONOO� ð2:7� 109
m
�1 s�1Þ ð11Þ


Since the pKa of HNO is approximately 11.4, equilibrium con-
centrations of 3NO� would be vanishingly small at physiologi-
cal pH and reactions of HNO would predominate. However, as
mentioned previously, if 3NO� can be generated directly, it can
have a significant (millisecond) lifetime. A potentially more rel-
evant process in biological systems is the reaction of HNO with
O2. It appears that HNO does indeed react with O2.[64] However,
the mechanism of this reaction and nature of the products are
currently two of the most controversial topics in this field. Mir-
anda and co-workers[69, 70] find that the reaction of HNO with
O2 gives a potent two-electron oxidant distinct from �OONO
and/or N2O3.


One of the most studied and biologically important reac-
tions of HNO is that with thiols/thiolates. As mentioned earlier,
Bartberger and colleagues[53] reported that HNO is extremely
“thiolphilic”, a claim that is supported by numerous studies de-
scribing the reaction of HNO with thiols. In fact, HNO–thiol re-
activity can be used to distinguish between the biological
chemistry of HNO versus NO.[71] All characterized reactions be-
tween a thiol (or thiolate) and HNO initially involve attack of
the nucleophilic thiol-sulfur atom on the electrophilic HNO
nitrogen atom giving initially an N-hydroxysulfenamide
[Eq. (12)] .[72] The N-hydroxysulfenamide has not, as yet, been
isolated as it can further react with excess thiol to give the cor-
responding disulfide and hydroxylamine [Eq. (13)] , or, in the
absence of large excesses of thiol, it can rearrange to the cor-
responding sulfinamide [Eq. (14)] .[26, 73]


HNOþ RSH! RS�NHOH ð12Þ


RS�NHOHþ RSH! RSSRþ NH2OH ð13Þ


RS�NHOH! ½RSþNHþ HO�� ! RSþðOHÞNH� ! RSðOÞNH2


ð14Þ


Hydrolysis of the sulfinamide can occur, giving a sulfinate and
ammonia.[26] Protein or peptide disulfide formation is readily
reversible in cells. However, sulfinamide or sulfinate formation
is not as readily reversible in cells and might represent an
HNO-mediated irreversible protein or peptide modification.


The reactions of HNO with thiols are not the only examples
of HNO-mediated oxidation of biologically relevant species.
HNO can also oxidize NADPH.[12, 74, 75] This reaction occurs under
anaerobic conditions, precluding NADPH oxidation by HNO/O2


adducts. The two-electron reduction potential for the 1HNO/
2H+ ,NH2OH couple at pH 7 is reported to be 0.3 V.[58] The one-
electron reduction potentials at pH 7 have been calculated to
be 0.1�0.1 and 0.5�0.1 V for the HNO,H+/H2NOC and
H2NOC,H+/NH2OH couples, respectively.[76] Thus, reduction of
HNO to the dihydronitroxide radical (H2NOC) and NH2OH are
clearly accessible under biological conditions and, depending
on the rates of other competing reactions, might even be ex-
pected to be a predominant biological fate.


HNO/3NO� can also act as a reductant. Based on the reduc-
tion potential for NO (�0.8 V for the NO/3NO� couple), 3NO� is
a potent one-electron reductant. For example, nitroxyl reacts
with oxidized ferriheme proteins to give ferrous-nitrosyl ad-
ducts [Eq. (15), (Hb = hemoglobin)] .[77]


HNO=NO� þ HbFeIII ! HbFeII�NOðþHþÞ ð15Þ


Since the H�NO-bond strength is only 48–50 kcal mol�1,[53]


HNO would also be expected to be a good H-atom donor. H-
atom abstraction from HNO by a reactive radical species would
quench the reactive radical and generate NO, which is also
known to be a proficient radical scavenger. Thus, it might be
expected that HNO can be an efficient radical scavenger and/
or antioxidant through H-atom donation and generation of
NO.


Like NO, HNO is able to form complexes with ferrous heme
proteins. For example, reduction of a ferromyoglobin–NO
adduct (MbFeII�NO) results in the formation of a stable HNO�
FeII adduct (MbFeII�HNO).[78] The analogous hemoglobin com-
plex has also been formed by reacting HNO directly with de-
oxyhemoglobin.[79] Thus, other possible biological targets for
HNO are the metal centers of metalloproteins: HNO can
reduce oxidized metal centers, possibly followed by complexa-
tion of NO to form the metal nitrosyl [Eq. (15)] , or directly bind
reduced metal centers as HNO. Significantly, the primary “re-
ceptor” for NO is the heme protein guanylate cyclase. NO bind-
ing to the ferrous heme moiety of the enzyme, giving a ferrous
nitrosyl complex, results in an increase in catalytic activity lead-
ing to increased levels of cGMP. Although it is reported that
HNO cannot replace NO in this regard,[80] these studies were
carried out in the presence of high exogenous thiols that
might have scavenged HNO. Thus, the effect of HNO on gua-
nylate cyclase activity remains unknown.


This overview describes some of the reactions of HNO that
might be biologically relevant. However, in order to truly pre-


Figure 1. Relative energies of the various nitroxyl species.
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dict the likelihood of these reactions occurring in a biological
system, the rate constants for these reactions must be known
as well as the relative concentrations of the reacting species.
Performing kinetic studies on HNO is not trivial since it is a
fleeting species, because of self-reactivity [Eq. (4)] , and its avail-
ability primarily through donor compounds. However, Miranda
and co-workers[81] used competition kinetics to determine the
relative rates of HNO reactions with several biologically rele-
vant reactants and derived approximate rate constants. Based
on the relative rate constants and likely intracellular concentra-
tions of the reactants, they concluded that the most likely bio-
logical reaction for HNO is with glutathione (GSH). Significantly,
Wink and co-workers[12] reported that exposure of fibroblasts
to HNO resulted in a near complete loss of glutathione. The
levels of GSH as well as the ratio of the reduced to oxidized
species (GSH/GSSG) are primary factors in establishing the
redox environment of cells.[82] Therefore, the ability of HNO to
affect the status of intracellular GSH might be very important
to its ability to alter cell function/fate.


Nitroxyl Toxicity and Toxicological Chemistry


The development of HNO as, for example, a pharmacological
treatment for heart failure or as a preconditioning agent for re-
perfusion toxicity has tremendous potential. However, several
studies report HNO toxicity that might negatively impact the
utility of HNO as a therapeutic agent. Wink and co-workers[12]


were among the first to demonstrate the toxicity of HNO
when they found that Angeli’s salt (2–5 mm) was cytotoxic to
V79 fibroblasts, eliciting GSH depletion and DNA strand
breaks. Subsequent work by Ohshima et al.[83] further corrobo-
rated the ability of HNO, derived from Angeli’s salt, to induce
DNA strand breakage in vitro, presumably via the generation
of hydroxyl radical (HOC). Interestingly, DNA strand breakage by
HNO was found to be independent of O2, indicating that
ONOO� [Eq. (11)] was not involved.


Thus, it is clear that HNO can be cytotoxic at relatively high
concentrations (2–5 mm) of the HNO-donor Angeli’s salt and,
under in vitro conditions, can elicit oxidation chemistry con-
sistent with the generation of HOC. Interestingly, HOC, spin
trapped by using a pyrroline N-oxide, was detected in a de-
composing solution of Angeli’s salt.[84, 85] The formation of HOC
from HNO was proposed to occur via an azo-type homolytic
fission of cis-hyponitrous acid [Eq. (16)] , a reaction initially pro-
posed almost 40 years ago to explain a small amount of radical
chain chemistry associated with the decomposition of hyponi-
trous acid.[86]


2HNO! HON¼NOHðcisÞ ! N2 þ 2HOC ð16Þ


Thus, it appears that HNO has the potential to be toxic be-
cause of its oxidation chemistry. However, it needs to be un-
derstood that mechanisms of oxidant formation that rely on
HNO dimerization are second order in HNO and would not be
relevant unless physiological HNO levels are high. It has not, as
yet, been demonstrated that this oxidation chemistry has any
in vivo relevance.


Besides the possible generation of powerful oxidants via cis-
hyponitrous acid formation, the simultaneous presence of
HNO and NO can also lead to the generation of other potent
oxidants. Seddon and co-workers[50] reported that the product
of the reaction of nitroxyl with NO, hyponitrite radical [Eq. (5)
or (8)] , was capable of decomposing to generate HOC [Eq. (17)] .
Like Equation (16), this reaction was originally proposed by
Buchholz and Powell[86] in their attempt to explain the small
amount of radical chemistry sometimes seen during the
normal decomposition of hyponitrous acid to N2O [Eq. (4)] .


N2O2
� þ Hþ ! N2Oþ HOC ð17Þ


More recently, Poskrebyshev et al.[87] have further investigated
this chemistry and reported that the hyponitrite radical itself is
a potent oxidant (E0(N2O2


�/N2O2
2�) = 0.96 and E0(HN2O2,H+/


H2N2O2) = 1.75 V). However, the physiological/toxicological rele-
vance of this chemistry relies on HNO and NO being generated
proximally and simultaneously, something that has not been
demonstrated in any in vivo situation.


Summary


In the past few years there has been a significant increase in
interest in HNO, undoubtedly prompted by discoveries of its
novel and important biological activity. Recent work in this
area has led to significant revelations and/or revisions concern-
ing its chemical properties and reactivity. In spite of this re-
search activity, it is still not clear how HNO acts to elicit its
unique biology. That is, the chemistry of its biology remains to
be established. This review serves only to introduce this spe-
cies as an important and potentially useful nitrogen oxide and
provide an update of some of its interesting and novel chemis-
try. Our current understanding of the biology and chemistry of
nitroxyl can be summarized as follows:


Nitroxyl biology


1. HNO has the unique ability to increase cardiac output and
to decrease venous resistance at the same time. These phar-
macological attributes make HNO an ideal drug for the
treatment of heart failure.


2. Tissue pretreatment with HNO protects against ischemia-
reperfusion toxicity.


3. HNO is capable of interacting with thiol proteins or pep-
tides often leading to an inhibition or attenuation of their
activity.


4. HNO can interact with metalloproteins, either at the metal
center or with the metal ligands.


5. High levels of HNO or simultaneous generation of HNO and
NO can lead to toxicity because of the oxidation of biomol-
ecules.
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Nitroxyl Chemistry


1. The pKa of HNO has recently been determined to be 11.4,
making HNO, rather than NO� , the predominant species
present at physiological pH.


2. Protonation–deprotonation events of nitroxyl are much
slower than typical for other acids/bases. Thus, if formed,
the anion can have a significant lifetime.


3. HNO is very thiophilic and the products of a reaction be-
tween HNO and a biological thiol can result in either rever-
sible or irreversible modification, depending on the condi-
tions.


4. HNO can act as both an oxidant and reductant and prod-
ucts from either process need to be considered in the over-
all biology.


5. Endogenous generation of HNO has not been unequivocally
demonstrated. Reduction of NO to give nitroxyl is difficult
but possible.


Whether all or some of the chemistry discussed above is rel-
evant to the biology of HNO remains to be determined and
will likely occupy the efforts of many laboratories for many
more years. It will not be at all surprising if other aspects of
HNO chemistry are revealed in the future that might also be of
biological relevance or will help explain some of the current
biological observations. Finally, it is also likely that discoveries
of other novel/important aspects of HNO biology await as we
are still only in the initial stages of examination of this chemi-
cally fascinating species.
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Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system. Its long-term modulating
affect on synaptic transmission is mediated by the metabo-
tropic glutamate receptors (mGluR),[1] a family of class III G pro-
tein-coupled receptor (GPCR) proteins. This class of GPCRs is
characterized by the typical seven transmembrane domain and
an additional large extracellular ligand-binding domain.[2] Allos-
teric modulators that bind to the receptor within the seven
transmembrane helix region—that is, the region where the
ligand-binding pocket is located in type I and type II GPCRs—
represent an attractive class of molecules for addressing sever-
al neural disorders associated with mGluR activity.[2] The first
selective allosteric antagonists for mGluR5, SIB-1751 (1) and
SIB-1893 (2), were published in 1999 (Scheme 1).[3] SIB-1751
was identified by high-throughput screening (HTS), and SIB-


1893 resulted from a UNITY search for analogues.[3] In phos-
phoinositol (PI) hydrolysis assays, the two molecules revealed
IC50 values of 3.1 and 2.3 mm, respectively. Chemical variation
of SIB-1893 resulted in the much more potent, highly selective
mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP,
3), which had an IC50 of 36 nm in PI hydrolysis assays.[4] Several
MPEP analogues (4–9)[5] with reported low nanomolar activity
have been published in the scientific and patent literature
since then. Nonetheless, the mode of action of these ligands is
not completely understood. Recent publications of MPEP and
MPEP derivatives also reported off-target activity[5] and a short
plasma half life.[6] In particular, the latter could be attributed to
potential metabolic instability of the ethynyl linker.


Pharmacophore-based similarity searching has been proven
to be suited to finding new ligands that exhibit similar biologi-
cal activity but are based on a different chemical scaffold.[7]


Using a set of known specific allosteric antagonists of mGluR5
(3–9),[4, 5] which were compiled from scientific and patent litera-
ture, we applied a hierarchical, ligand-based virtual-screening
approach to identify novel compounds that modulate mGluR5.
First, a “drug-likeness” estimation by an artificial neural-net-
work system was employed to prescreen just for molecules
with a predicted “drug-like” structure.[8] For subsequent similar-
ity searching, we used the CATS3D descriptor, a 3D extension
of the original topology-based CATS approach, both of which
were designed for the sake of “scaffold-hopping”.[9, 10]


CATS3D encodes the conformation of a molecule in the
form of a histogram that contains the normalized frequencies
of all pairs of atoms of a molecule.[10] Atom pairs were subdi-
vided into groups that were characterized by atom–atom dis-
tance ranges in Euclidean space and six different pharmaco-
phore types. 20 equal-distance bins from 0–20 � were used.
One of the pharmacophore types—cation, anion, hydrogen-
bond acceptor, hydrogen-bond donor, polar (hydrogen-bond
acceptor and hydrogen-bond donor) or hydrophobic—was as-
signed to each atom by using the ph4_aType function of MOE
(Chemical Computing Group Inc. , Montr�al, Canada; URL:
http://www.chemcomp.com). The CATS3D representation is ro-
tation- and translation-invariant, and therefore enables rapid
pair-wise comparisons of molecules without the need to ex-
plicitly align the molecules.


To form a hypothesis about receptor-bound 3D conforma-
tions of 3–9, we used the flexible-alignment tool of MOE. Li-
gands were successively aligned from 3 to 9 (Figure 1), and


Scheme 1. Reference allosteric mGluR5 antagonists.


Figure 1. Flexible pharmacophore-based alignment of reference molecules 3–
9.[4, 5] Red: oxygen ; blue : nitrogen; yellow: sulfur ; gray : carbon.
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conformations were chosen based on existing knowledge
among the best-ranked results. Molecule 9 was manually ad-
justed to fit to the alignment. In molecule 3 the angle between
the two planes of the ring systems was set to 908 (Merz, un-
published results). These individual 3D conformations served
as query structures for CATS3D similarity searching.


In search for new ligands, we virtually screened the Asinex
Gold compound collection (April 2003 version, Asinex Ltd. ,
Moscow, Russia ; http://www.asinex.com), which contained
194 563 molecules. Counterions were removed by using CLIFF
(Molecular Networks GmbH, Erlangen, Germany; http://www.
mol-net.de), and, as a prescreening filter, we selected the
20 000 most “drug-like” compounds, as described previously.[8a]


“Drug-likeness” was calculated from i) the output (“score”) of
an artificial neural network that was trained to distinguish be-
tween “drugs” and “nondrugs”,[8] based on topological phar-
macophores (CATS approach), ii) predicted aqueous solubili-
ty,[11] and iii) calculated polar surface area (PSA) (ASA_P option
from MOE). Subsequent principal component analysis of this
3D “drug-likeness” space was performed to obtain uncorrelat-
ed variables, and compounds were selected on the basis of
their distance to “optimal” variable values (i.e. , high drug-like-
ness score; high solubility value; PSA<140 �2). The result of
this procedure can be seen, for example, for the neural net-
work prediction. The average drug-likeness score of the com-
plete Asinex Gold collection according to the artificial neural
network was 0.36 (s= 0.28), for our screening set the score


was 0.60 (s= 0.23; higher values indicate more “drug-like” mol-
ecules.[8] It should be noted that the selection of the screening
compounds resulted from three variables, not just the neural
network score. This was done to account for several aspects of
the “drug-like” behavior of molecules.[12]


3D conformations of the screening compounds were calcu-
lated in MOE by using the MMFF94 force field.[13] The results
were restricted to a maximum of the 20 lowest-energy confor-
mations per molecule. Similarity between a database entry and
a reference molecule was expressed by the Manhattan dis-
tance [Eq. (1)] .


DA,B ¼
Xi¼N


i¼1


jxiA�xiBj ð1Þ


Here A and B indicate the CATS3D vectors of two molecules, xi


is the value of vector element i, and N is the total number of
vector elements (N = 420). Separate similarity searches were
performed with each of the molecules 3–9, and 27 of the top-
scoring molecules (Scheme 2) were selected for experimental
testing. Molecules were chosen that had low Manhattan dis-
tances to one of the reference molecules and that were not
too similar to the previously selected molecules, as judged by
visual inspection from a medicinal chemistry perspective
(Table 1).


To estimate the degree of “scaffold-hopping” we compared
the average distance of each molecule 10–36 to its respective


Table 1. Results of virtual screening and the binding assays.


Molecule Most Rank Virtual Screening Binding Assay
no. similar (CATS3D) CATS3D CATS2D MACCS Ki mGluR5 Ki mGluR1 Selectivity


reference Manhattan Manhattan Tanimoto [mm] [mm] (Ki mGluR1/
molecule distance distance similarity Ki mGluR5)


10 3 1 0.68 2.85 0.21 24 >100 >4.2
11 3 4 0.88 2.2 0.2 >100 63 <0.6
12 3 5 0.94 5.03 0.17 >100 41 <0.4
13 3 6 0.95 3.79 0.22 >100 >100 1
14 3 7 1.02 2.64 0.17 >100 >100 1
15 3 17 1.12 3.06 0.24 >100 >100 1
16 4 1 1.52 2.54 0.35 >100 >100 1
17 4 3 1.67 5.27 0.22 >100 >100 1
18 4 4 1.67 2.34 0.34 >100 >100 1
19 4 6 1.73 1.88 0.25 >100 >100 1
20 5 3 2.14 1.79 0.42 >100 >100 1
21 5 7 2.22 1.79 0.36 >100 >100 1
22 5 38 2.52 2.66 0.38 41 64 1.6
23 6 5 1.41 2.23 0.48 33 61 1.8
24 6 6 1.45 1.91 0.31 12 17 1.5
25 7 2 1.55 2.69 0.38 35 >100 >2.9
26 7 3 1.56 2.41 0.39 >100 >100 1
27 7 5 1.6 2.62 0.53 >100 14 < 0.14
28 8 2 0.79 5.49 0.38 >100 >100 1
29 8 7 0.91 5.37 0.24 >100 >100 1
30 8 9 1 5.37 0.31 40 >100 2.54
31 8 12 1.14 4.81 0.28 >100 >100 1
32 8 36 1.3 5.33 0.2 14 45 3.2
33 9 1 1.49 2.19 0.46 63 >100 >1.6
34 9 2 1.54 1.94 0.45 38 >100 >2.7
35 9 5 1.59 2.59 0.46 >100 >100 1
36 9 7 1.64 6.63 0.46 >100 >100 1
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nearest reference (hDlibi) compound with the average distance
between the reference molecules 3–9 (hDrefi). Three such indi-
ces were employed, the CATS3D Manhattan distance, the topo-
logical CATS2D Manhattan distance, and the substructure-
based MACCS key Tanimoto similarity from MOE. While the
average CATS3D distance of the library compounds to their ref-
erence molecules was significantly smaller in comparison to
the average distance between the reference molecules (hDlibi=


1.41�0.45, hDrefi= 2.66�0.89),
hDlibi was only marginally smaller
than hDrefi for CATS2D (3.31�
1.48 vs. 3.6�1.4). With the
MACCS keys, hDlibi was smaller
than hDrefi (0.33�0.11 vs. 0.39�
0.15) ; this indicates a greater
similarity among the reference
set than between the virtual
screening hits and the reference
molecules, and demonstrates
that the compiled library con-
tains scaffolds that are different
from the references (as estimat-
ed by MACCS substructure fin-
gerprints) but are still considered
isofunctional by the CATS phar-
macophore approaches.


In vitro binding studies for
mGluR5 were performed on the
basis of a [3H]MPEP displace-
ment assay. Estimates of Ki


values for the ligands were
made from measurements at a
fixed concentration of 10 mm. Se-
lectivity of the ligands versus
mGluR1, the most similar recep-
tor to mGluR5 within the mGluR
family,[1] was assessed by a dis-
placement assay with the Merz
proprietary selective mGluR1 an-
tagonist MRZ 3415. Nine mole-
cules (10, 22, 23, 24, 25, 30, 32,
33, 34) exhibited a Ki value
below 70 mm for mGluR5
(Table 1), with structure 10 being
the most selective inhibitor. With
our assay system, we deter-
mined a Ki of 12.5 nm for MPEP
on mGluR5.


The predicted rank order of
the tested library compounds
does not correlate with binding
affinity (Table 1). It is evident
that the Manhattan distance,
which was used for compound
prioritization, does not distin-
guish between molecular attrib-
utes that are relevant or irrele-


vant to a particular receptor–ligand interaction. Furthermore,
the small list of virtual hits that was compiled for each refer-
ence molecule prevents a sound statistical evaluation.[10, 14]


The nine best molecules found were aligned to the refer-
ence molecule alignment with the MOE flexible-alignment tool
(Figure 2). Compounds 23, 24, 25, and 32 fitted well into the
reference alignment (Figure 2 a) with the keto group of each
molecule superimposed onto the pyridine nitrogen as a hydro-


Scheme 2. Molecules selected by virtual screening.
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gen-bond acceptor substitute, and the various linker moieties
aligned to the triple-bond linkers of the MPEP derivatives. For
30, a comparable binding mode should be anticipated, but
was not found by the flexible alignment since MOE did not
recognize the oxazolidine oxygen of 30 as a potential hydro-
gen-bond acceptor. Based on the alignment, it cannot be de-
cided whether molecules 10, 33, 34 and 22 (Figure 2 b–d)
were actually aligned in a reasonable fashion. For these mole-
cules, large substructure elements were placed in the MPEP-
linker region, which we assume to bind to a narrow part of the
receptor-binding pocket. To our surprise 28 and 31—ana-
logues of ligands 10 and 30—were shown to be inactive. For
both molecules, this effect might be explained by steric restric-
tions in the receptor.


The selectivity of the hits was low. Compound 27 was even
found to be a potent and selective binder of mGluR1. This
might indicate the existence of similar binding pockets in both
receptor subtypes. Overlap of the binding pockets for antago-
nists of both receptor subtypes has already been shown.[15]


Similar binding pockets are further supported by the weaker
mGluR1-selective binder 11, which is similar to 23, 24 and 25,
which are more selective toward mGluR5. Compound 14 was
inactive in both mGluR1- and mGluR5-binding studies, al-
though it might be regarded as a close analogue of 11.


A challenging goal of pharmacophore-based similarity
searching is “scaffold-hopping”.[9] This aim was clearly met by
our study. Isofunctional alternatives to the MPEP scaffold were
found that provided several starting points for lead-structure
development. As an important outcome, the metabolically un-
stable triple-bond linker present in the MPEP-derived reference
molecules is substituted by various alternatives in the com-
pounds that were selected by virtual screening. Note that the
double-bond linker of 23, 24, and 32 is structurally identical to
the one present in SIB-1893 and similar to the linker type of
SIB-1757, neither of which was present in the reference collec-
tion (Scheme 1). Some of the tested compounds (12, 13, 15)
have structural similarity to the recently reported mGluR5 an-
tagonist 37 (Scheme 3),[17] which was found by HTS. This fur-


ther underlines the ability of the CATS3D approach to
find isofunctional but structurally different scaffolds.
Molecule 38, a recently reported mGluR5 antagonist
with a tetrazole linker (Scheme 3),[18] shows that more
voluminous groups, as in 22, might also be allowed in
the linker region, assuming a similar binding mode.
The novel scaffolds of compounds 33 and 34 present
a promising opportunity for straightforward combina-
torial design with the aim of significantly improving
binding behavior.


One possible reason for the low selectivity of 23,
24, 25, and 32 might be the replacement of the SIB-1893 pyri-
dine by a keto group. While the hydrogen-bond acceptor func-
tionality of the pyridine is maintained, the substitution results
in a loss of possible steric and stacking interactions. These find-
ings indicate that the receptor-subtype selectivity of MPEP-like
mGluR5 antagonists might be based on steric or p–p stacking
interactions mediated by the pyridine ring. Reference molecule
9, which lacks an aromatic ring, supports the hypothesis that a
defined steric interaction in the region of the MPEP pyridine
might be sufficient for selectivity.


Summarizing, it has been demonstrated that pharmaco-
phore-based similarity searching can lead to novel, isofunction-
al molecular scaffolds that provide a basis for lead-structure
development. The target was an allosteric binding site of a
pharmacologically challenging GPCR.[18] Although homology-
based models of the MPEP-binding pocket have been pub-
lished recently,[15, 19] successful virtual screening that exploits
this information has not been reported until now. Our entirely
ligand-based approach can thus be seen as a working alterna-
tive to more-demanding, structure-based design techniques
with the main aim of developing novel lead series.


Experimental Section


Materials. [3H]-MPEP was obtained from Tocris Cookson (Bristol,
UK). MPEP was synthesized for in-house use as a reference com-
pound according to refs. [4, 20]. Test compounds were purchased
as dry powder from ASINEX Ltd. (Moscow, Russia). The ASINEX
Gold Collection Database was provided by ASINEX Ltd. [3H]-MRZ
3415 was synthesized by Amersham Biosciences (Buckinghamshire,
UK). MRZ 3415 was synthesized for in-house use as a reference
compound by the Latvian Institute of Organic Synthesis (Riga,
Latvia).


Methods
Membrane preparation. Male Sprague Dawly Rats (approx. 200–
250 g) were anaesthetized and decapitated. Forebrains were re-
moved and homogenized (Ultra Turrax, 8 strokes, 600 rpm) in Su-
crose (0.32 m). Animals were housed and experiments were per-
formed according to the Animal Rights Commission Allowance #


Figure 2. Flexible alignment of the most potent found mGluR5 modulators to the alignment
of reference molecules 3–9 (green). Alignments are shown for a) 25, 26, 27, 34 ; b) 10 ; c) 35,
36 ; d) 23.


Scheme 3. Recently reported mGluR5 antagonists with new scaf-
folds.
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OR-04 (Hessen, Germany). The suspension was separated in a Cen-
trikon T-2050 Ultracentrifuge (Tegimenta AG, Rotkreuz, Switzerland)
at 1 500 g for 4 min. The supernatant was removed and centrifuged
at 20 800 g for 20 min. The resulting pellet was resuspended in ice-
cold distilled water and centrifuged at 7 600 g for 20 min. Superna-
tant and loosely associated flocculent membrane material (buffy
coat) were removed by gentle trituration of the pellet and centri-
fuged at 75 000 g for 20 min. The supernatant was discarded, and
the membrane pellet was resuspended by sonication in Tris-Buffer
(5 mm, pH 7.4) and afterwards centrifuged at 75 000 g for 20 min.
The last step was repeated twice, and membranes were resuspend-
ed in Tris-Buffer (50 mm, pH 7.5).


The concentration of protein was determined by the Lowry protein
assay with bovine serum albumin as a standard. Membranes were
stored frozen at �24 8C, thawed on the day of the assay, and
washed again four times at 75 000 g for 20 min.


All centrifugation steps were carried out at 4 8C.


[3H]-MPEP binding. After thawing, membranes were washed four
times with ice-cold binding buffer containing Tris-HCl (50 mm,
pH 7.5). Binding assays were performed at room temperature in
duplicate by using fixed concentrations of test compound (10 mm).
The assay was incubated for 1 h in the presence of radiotracer
(5 nm) and membranes (1.2 mg mL�1), and nonspecific binding was
estimated by using MPEP (10 mm). Binding was terminated by
rapid filtration through GF 52 glass-fiber filters (Schleicher &
Schuell, Dassel, Germany) by using a 1225 Sampling Manifold (Milli-
pore GmbH, Eschborn, Germany). Filters were washed twice with
ice-cold assay buffer and transferred to scintillation vials. After
addition of Ultima-Gold MV (Packard Bioscience, Groningen, The
Netherlands), radioactivity collected on the filters was counted in a
1500 Tri-Carb Packard Scintillation Counter.


[3H]-MRZ 3415 binding. After thawing, membranes were washed
four times with ice-cold binding buffer containing Tris-HCl (50 mm,
pH 7.5). Binding assays were performed at room temperature in
quadruplicate in 96-well format by using fixed concentrations of
test compound (10 mm). The assay was incubated for 1 h in the
presence of radiotracer (1 nm) and membranes (0.8 mg mL�1), and
nonspecific binding was estimated by using MRZ 3415 (10 mm). Di-
rectly after transferring the reaction volume into a 96-well multi-
screen plate with a 0.22 mm glass fiber filter (Millipore GmbH, Esch-
born, Germany), binding was terminated by rapid filtration with a
multiscreen vacuum manifold (Millipore GmbH, Eschborn, Germa-
ny). Afterwards, filters were washed four times with ice-cold assay-
buffer, and Ultima-Gold MV Scintillation Cocktail (Packard Biosci-
ence, Groningen, The Netherlands) was added. After 14–16 h radio-
activity was counted in a MicroBeta Trilux (Perkin Elmer Life Scien-
ces GmbH, Rodgau-J�gesheim, Germany).


Solubility determination. Aliquots (40 mL) of the stock-solution
(10 mm, dimethyl sulfoxide (DMSO) as solvent) of each test com-
pound were diluted with DMSO (1.96 mL) to a final concentration
of 200 mm. 100 mL of this solution were diluted by addition of a sol-
vent consisting of methanol and deionized water (1.99 mL, 1:1).
The resulting solution A had a concentration of 10 mm of the test
compound containing 5 % DMSO. Solution B was prepared in the
same manner but with Tris-buffer (50 mm, pH 7.5) as solvent in-
stead of the methanol/deionized water mixture.


To determine peaks of the different solutions, a Hewlett–Packard
Series 1100 HPLC device with diode-array detector (Agilent Tech-
nologies, Waldbronn, Germany) was used. Both solutions passed
separately through a Symmetry C18 Column (Waters Corporation,


Milford, MA) with a average pressure of 190 atm. The resulting
peaks of both solutions were compared at a wavelength at which
the area under the curve (AUC) of the peak of solution A and so-
lution B displayed a maximum. The AUC of solution A was defined
as the 100 % value. Thus, the solubility of each test compound was
determined as follows:


Solubility ½%� ¼ AUCsolution B


AUCsolution A
� 100 ð2Þ


IC50 value estimation. IC50 values were estimated from the % of con-
trol values from the scintillation assay with a four-parameter logis-
tic equation. If both the radioligand and the competitor reversibly
bind to the same binding site, binding at equilibrium follows Equa-
tion (3).


y ¼ 100 %


1þ ðx=IC50Þs
ð3Þ


If s is assumed to be 1, Equation (2) can be reformulated to:


IC50 ¼
x


ð100 %=yÞ�1 ð4Þ


where s = slope factor = 1, x = concentration of test compound
[mm] in the assay, and y = result of the binding assay for the test
compound [% of control] . Ki values were calculated from the IC50


values by using the Cheng–Prussof equation.[21]


K i ¼
IC50


1þ ðL=K dÞ
ð5Þ


Here L corresponds to the radioligand concentration, and Kd to its
dissociation constant.
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Toward Semisynthetic Lipoproteins
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Cell-membrane proteins are anchored to the lipid bilayer by
single or multiple insertion of transmembrane helices or by re-


gioselective single or dual lipidation in co- and post-transla-
tional enzymatic processes, including acylation with fatty acids,
prenylation, and rather commonly C-terminal amidation with
glycosylphosphatidylinositols (GPI).[1] Procedures for native and
neolipidation of peptides have been comprehensively re-
viewed,[2] and, more recently, even the synthesis of complex
GPIs has been reported.[3] However, lipidation of proteins at de-
fined sites and particularly grafting of GPIs or related mimetic
structures to the C termini of proteins still represent formida-
ble long-term goals of chemistry and molecular biology. So far,
lipoproteins have been obtained by chemical ligation of syn-
thetic lipopeptides with recombinant protein fragments by the
highly selective and efficient maleinimide/thiol addition reac-
tion, as shown for the RAS protein, for example,[4] or by total
synthesis through orthogonal protection schemes for regiose-
lective lipidation of side-chain amino groups, for example, with
1,2-dipalmitoyl-glycero-3-succinate.[5] In view of the recently
developed efficient procedures for the semisynthesis of pro-
teins by native-chemical [6] and expressed-protein ligation,[7] we
have performed model studies toward C-terminal lipidation of
proteins by exploiting the copper(i)-catalyzed Huisgen’s 1,3-di-
polar cycloaddition of terminal alkynes to azides to form a
stable triazole product[8] and the transthioesterification be-
tween peptide thioesters and N-cysteinyl-lipopeptides followed
by intramolecular S!N acyl shift as the synthetic strategy set
forth in Scheme 1. Aside from validating the methodology of a
combined click[9] and ligation chemistry,[6] incubation of HeLa
cells with the micellar solution of the lipopeptide confirmed its
fast uptake, as visualized by confocal fluorescence microscopy.


It is well established that dual vicinal lipid chains, as present
in the di-fattyacyl glycerol moiety of natural GPI anchors are re-
quired for an almost irreversible capture of peptides and pro-
teins by lipid bilayers.[10] Correspondingly, to properly mimic
the GPI anchor, phosphatidylethanolamine was converted into
the corresponding azide 1 by CuSO4-catalyzed diazotransfer
with triflyl azide[11] to produce the key intermediate for subse-
quent application of the click chemistry. The crystalline azide 1
was then used for the 1,3-cycloaddition reaction with the S-
protected model peptide 2, which contained a C-terminal
propargylglycine (Pra) residue as suitable reaction partner
(Scheme 1). The azide–alkyne cycloaddition was performed
with CuI as catalyst in organic solvent, and the lipopeptide de-
rivative 3 was isolated by silica gel chromatography in yields
of 70–75 %.[12] Upon removal of the acid-labile S-trityl and Na-
Boc groups from 3 with TFA, the subsequent native chemical
ligation of the cysteinyl-lipopeptide with N-dansyl- or N-rhoda-
mine B-labeled Gly-Pro-Gly-Gly-SPh ester 4 was performed in
micellar solutions of 2 % octyl-b-d-glucopyranoside.[13] Ligation
was found to proceed smoothly in the presence of tris(2-car-
boxyethyl)phosphine (TCEP) if excess of the thioesters was
carefully avoided to prevent bisacylation as a side reaction.[14]


HPLC served to isolate the fluorescence-labeled lipopeptides
5 a,b in yields of 60–70 % as analytically well-characterized
compounds, as shown in Figure 1 for compound 5 b. The lipo-
peptide 6 was obtained in practically quantitative yield by
treatment of the C-terminal propargylglycine residue with
azide 1 in aqueous–organic media and in the presence of
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CuSO4/sodium ascorbate.[15] Upon reductive cleavage of the
S-tert-butylthio group with tributylphosphine, ligation of the
lipopeptide 6 with the dansylpeptide thioester 4 b was per-
formed in micellar solution of 1 % sodium dodecylsulfate (SDS;
Scheme 2), and the fluorescent compound 7 was isolated by
preparative HPLC and characterized analytically.[16] This reaction
could also be carried out directly, since in the reductive-liga-
tion reaction media cleavage of the thiol protecting group
occurs concurrently with the transesterification in the presence
of TCEP[17] or mercaptans.[18] By performing the ligation step
with an expressed C-terminal thioester-activated protein frag-
ment in micellar solution, as required for solubilization of the
lipo fragment, oxidative refolding of the semisynthetic lipopro-
tein should even be favored,[19] and direct transfer onto vesi-
cles or cell membranes should be straightforward.


Incubation of the HeLa cells with the lipopeptide 5 a re-
vealed a fast uptake within 30 min. Rather surprising was the
similarly fast intracellular distribution of the fluorescence dye
with staining of the membrane-containing organelles as
known to occur with rhodamine (Figure 2).[20, 21] Internalization
of the fluorescence dye could result from fast flip-flop motions
of the lipopeptide followed by proteolytic cleavage of the pep-
tide moiety and thus cytoplasmatic release of the dye. Howev-
er it must also occur by endocytosis, since directed cellular


Figure 1. HPLC profile of compound 5 b [EC 125/4 Nucleosil 300–5 C-4; linear
gradient from 0.1 % TFA in H2O/CH3CN (80:20) to 0.1 % TFA in H2O/CH3CN
(5:95)] .


Scheme 2. The C-terminally lipidated fragment 214–231 of human prion pro-
tein, a key intermediate for the semisynthesis of this lipoprotein, was ligated in
a model reaction with the dansyl-peptide 4 b in SDS micellar solution.


Scheme 1. Synthesis of a C-terminally lipidated and N-terminally fluorescently
labeled model peptide by the use of the click chemistry and native chemical-
ligation procedures.
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trafficking of 5 a-labelled vesicles was detectable until the end
of the experiment (7 h) without affecting the viability of the
cells.


In summary, the goal outlined in Scheme 1 has been met
with model peptides, and thus the semisynthesis of lipopro-
teins seems amenable by this convergent strategy. The lipo-
peptide 6 corresponds to the C-terminal fragment 214–231 of
the human prion protein (PrP) with a propargylglycine at posi-
tion 231 for the site-specific lipidation. It represents the key in-
termediate for assembly of this ubiquitous GPI membrane-
anchored protein, whose conversion from the native cellular
PrPc to the pathogenic PrPsc scrapie form has been associated
with a group of unusual neurodegenerative disorders in
humans as well as with scrapie in sheep and BSE in cattle.[22]


Since this conversion probably occurs in calveolae or in choles-
terol-rich membrane rafts,[23] the accessibility of PrPc lipidated
with a GPI mimic and possibly labeled with suitable fluorescent
probes presently represents a challenge of greatest priority.


Experimental Section


1,2-Dimyristoyl-sn-glycero-3-phosphoethanol-azide : Trifluorome-
thanesulfonic anhydride (0.39 mL, 2.36 mmol) was added dropwise
to an ice-cooled solution of NaN3 (0.61 g, 9.43 mmol) in H2O
(2.5 mL) and CH2Cl2 (4.5 mL) under vigorous stirring. After 2 h, the
organic phase was separated, and the aqueous phase was extract-
ed with CH2Cl2 (3 � 2.5 mL). The combined organic layers contain-
ing the triflyl azide were washed with sat. NaHCO3 and used direct-
ly in the next reaction step.


Triethylamine (0.33 mL, 2.36 mmol) and CuSO4·5 H2O (19.7 mg,
0.08 mmol) were added to a suspension of 1,2-dimyristoyl-sn-glyc-
ero-3-phosphoethanol-amine (0.50 g, 0.79 mmol) in MeOH/H2O
(8:2, 10 mL). This was followed by addition of the triflyl azide so-
lution in CH2Cl2 (ca. 12 mL). The mixture was stirred overnight at
RT, and the clear solution was concentrated to an oily residue. This
was distributed between EtOAc (60 mL) and H2O (10 mL). The or-
ganic layer was washed with 5 % KHSO4 (5 mL) and H2O (2 � 5 mL),


and then dried (MgSO4). The solution was evaporated to a semi-
solid residue, which was separated by chromatography on silica
gel by elution with CHCl3/MeOH/17 % ammonia (40:10:1). Fractions
containing homogeneous product were pooled, evaporated, and
recrystallized from CHCl3/CH3CN. Yield: 0.48 g (90 % as ammonium
salt) ; m.p. 66–68 8C; TLC (CHCl3/MeOH/17 % ammonia, 40:10:1):
Rf = 0.35, TLC (CHCl3/MeCN/80 % AcOH, 50:20:10): Rf = 0.40; HPLC
[EC 125/4 Nucleosil 300–5 C-4, linear gradient from 0.1 % TFA in
H2O/CH3CN (80:20) to 0.1 % TFA in H2O/CH3CN (5:95)]: tR =
16.15 min; ESI-MS: m/z = 662.6 [M+H]+ , calcd for C33H64N3O8P:
661.4; 1H NMR (400.13 MHz, CDCl3, 27 8C): 7.5 (br, 4 H; NH4


+), 5.2
(m, 1 H; OCH-(CH2)2-), 4.65, 4.17 (dd, 2 H; CH-CH2-O-P), 4.00 (dd, 2 H;
P-O-CH2-CH2), 3.95 (t, 2 H; COO-CH2-CH), 3.45 (t, 2 H; CH2-N3), 2.28
(br, 4 H; 2 CH2-CO), 1.60 (dd, 4 H; 2 CH2-CH3), 1.27 (br, 40 H; 20 -CH2-
CH2-CH2), 0.85 (t, 6 H; 2 CH3).


CAUTION : Azide ions form explosive compounds with dichloro-
methane.[24]


Staining of HeLa cells with lipopeptide 5 a : HeLa cells were
grown on glass cover slips in CO2-independent growth medium
(D-MEM with 20 mm HEPES buffer). Prior to microscopy, they were
incubated for 15 min with a solution of 5 a in PBS buffer (1 mm),
washed with pure PBS buffer, and covered with fresh growth
medium. Confocal microscopy was performed at 37 8C by using a
Zeiss LSM510 with an excitation wavelength of 543 nm and long-
pass-filtered fluorescence detection above 560 nm.


Acknowledgements


The study was supported by BayForPrion grant LMU02 and by A.
Krupp von Bohlen and Halbach Foundation, Germany, with a fel-
lowship for S.D.


Keywords: alkynes · azides · cycloadditions · lipopeptides ·
native chemical ligation


[1] a) P. J. Casey, Science 1995, 268, 221 – 225; b) R. S. Bhatnagar, J. I.
Gordon, Trends Cell. Biol. 1997, 7, 14 – 20; c) Methods in Enzymology
Vol. 250 : Lipid Modification of Proteins (Eds. : P. J. Casey, J. E. Buss), Aca-
demic Press, New York, 1995 ; d) H. Ikezawa, Biol. Pharm. Bull. 2002, 25,
409 – 417; e) B. Kellam, P. A. De Bank, K. M. Shakesheff, Chem. Soc. Rev.
2003, 32, 327 – 337.


[2] S. Pegoraro, L. Moroder in Houben-Weyl Methods of Organic Chemistry,
Synthesis of Peptides and Peptidomimetics, Vol. E 22b (Eds. : M. Goodman,
A. Felix, L. Moroder, C. Toniolo), Thieme, Stuttgart, 2003, pp. 333 – 374.


[3] a) J. Xue, Z. Guo, J. Am. Chem. Soc. 2003, 125, 16 334 – 16 339; J. Xue, N.
Shao, Z. Guo, J. Org. Chem. 2003, 68, 4020 – 4029; b) K. Pekari, R. R.
Schmidt, J. Org. Chem. 2003, 68, 1295 – 1308; c) N. Shao, J. Xue, Z. Guo,
Angew. Chem. 2004, 116, 1595 – 1599; Angew. Chem. Int. Ed. 2004, 43,
1569 – 1573; d) J. Lu, K. N. Jayaprakash, U. Schlueter, B. Fraser-Reid, J.
Am. Chem. Soc. 2004, 126, 7540 – 7547.


[4] B. Bader, K. Kuhn, D. J. Owen, H. Waldmann, A. Wittinghofer, J. Kuhl-
mann, Nature 2000, 403, 223 – 226; b) J. Kuhlmann, A. Tebbe, M.
Wagner, K. Uwai, M. Vçlkert, H. Waldmann, Angew. Chem. 2002, 114,
2655 – 2658; Angew. Chem. Int. Ed. 2002, 41, 2546 – 2550; c) R. Reents, M.
Wagner, J. Kuhlmann, H. Waldmann, Angew. Chem. 2004, 116, 2765 –
2768; Angew. Chem. Int. Ed. 2004, 43, 2711 – 2714.


[5] H. L. Ball, D. S. King, F. E. Cohen, S. B. Prusiner, M. A. Baldwin, J. Pept. Res.
2001, 58, 357 – 374.


[6] a) P. E. Dawson, S. B. H. Kent, Annu. Rev. Biochem. 2000, 69, 923 – 960;
b) G. Casi, D. Hilvert, Curr. Opin. Struct. Biol. 2003, 13, 589 – 594.


[7] a) T. W. Muir, Annu. Rev. Biochem. 2003, 72, 249 – 289; b) R. David,
M. P. O. Richter, A. Beck-Sickinger, Eur. J. Biochem. 2004, 271, 663 – 677.


Figure 2. Confocal microscopy of HeLa cells stained with the lipopeptide 5 a.


ChemBioChem 2005, 6, 625 –628 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 627



www.chembiochem.org





[8] a) R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry, (Ed. : A. Padwa),
Wiley, New York, 1984, pp. 1 – 176; b) V. V. Rostovtsev, L. G. Green, V. V.
Fokin, K. B. Sharpless, Angew. Chem. 2002, 114, 2708 – 2711; Angew.
Chem. Int. Ed. 2002, 41, 2596 – 2599; c) C. W. Tornøe, C. Christensen, M.
Meldal, J. Org. Chem. 2002, 67, 3057 – 3064.


[9] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113, 2056 –
2075; Angew. Chem. Int. Ed. 2001, 40, 2004 – 2021; b) W. G. Lewis, L. G.
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Inhibition of Fibril Formation of Ab
by Guanidiniocarbonyl Pyrrole
Receptors


Carsten Schmuck,*[a] Peter Frey,[b] and Martin Heil[a]


Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder. Pathology visible “post mortem” includes neurode-
generation and extracellular deposition of amyloids, both in
neuritic plaques and diffuse deposits.[1] The major proteina-
ceous component of AD amyloids is the amyloid-b protein
(Ab), a protein consisting of 39–42 amino acids derived from
the Alzheimer precursor protein (APP).[2] Inhibition of the for-
mation of b-amyloid fibrils, formed by self assembly from this
amyloid b-peptide is an attractive target for the treatment of
Alzheimer’s disease.[3] In the last few years, various small mole-
cules such as rifampicin, Congo red, curcumin, and apomor-
phin have been shown to inhibit Ab aggregation both in vitro
and in cell assays.[4] Besides these molecules, which are rather
unspecific and whose mode of action is completely unclear,
only very few examples of designed b-sheet breakers are
known so far.[5] These are mainly oligopeptides, representing
fragments of Ab itself. For example, Kiessling used Tjern-
bergs’[5g] oligopeptide KLVFF, which is based on one of the self-
assembling recognition sequences of the amyloid peptide (res-
idues 16–20) and added positively charged lysines to enhance
the solubility of the aggregates.[5e,j] Soto’s pentapeptide
amides were also based on the KLVFF recognition sequence of
Ab.[5h,i] Het�nyi showed that the cationic pentapeptide amide
RVVIA, which is based on the C-terminal sequence VVIA of Ab


(1–42), also interferes with fibril formation.[5c,d,f] All these oligo-
peptides require millimolar concentrations and an up to 20-
fold excess relative to Ab (1–42) to reduce the amount of fibrils
by 40 % at best. Unfortunately, very little is known about their
mechanism of action, their exact binding specifities or the mo-
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lecular basis of their interaction with Ab, which is a major ob-
stacle in the design of more-specific and efficient amyloid in-
hibitors for potential future therapeutic use. It is not even clear
whether the exact binding sites of these oligopeptides are
indeed the complementary recognition sequences of Ab (1–42)
for which they were initially designed.


We have recently introduced a new class of artificial recep-
tors 1 capable of binding the anionic model tetrapeptide VVIA,


representing the free C terminus of the amyloid b-protein Ab


(1–42).[6] These receptors consist of a guanidiniocarbonyl pyr-
role cation, a highly efficient binding motif for carboxylates
even in aqueous solvents,[7] and a variable tripeptide unit.


By using a combinatorial receptor library and a UV binding
assay, efficient receptors for the binding of VVIA under various
conditions were identified. The best receptors showed binding
constants up to K = 5 � 103


m
�1 for this model peptide.[6] As the


hydrophobic C terminus of Ab (1–42) is critical for fibril forma-
tion, we thought that our selective receptors for this VVIA
sequence could influence the capability of fibril formation of
Ab (1–42). Herein, we therefore wish to report that receptors
of type 1 indeed inhibit fibril formation of Ab (1–42) in vitro by
selectively binding to its C terminus, as could be shown by
studying their effect on the fibrillogenesis of Ab (1–42) in com-
parison to Ab (1–40).


Six different tripeptide based guanidiniocarbonyl pyrrole re-
ceptors 2–7 (Scheme 1) were synthesized on Rink amide resin
by using standard Fmoc protocol (see Supporting Information).


We tested their ability to inhibit fibril formation in vitro with
both Ab (1–42) and Ab (1–40) by two standard assays[8] using
Thioflavin T[9] and Congo red,[10] as described by LeVine and
Klunk. Thioflavin T interacts with aggregated Ab and shows a


bathochromic shift in the fluorescence spectrum. Upon interac-
tion with the fibrils, a characteristic new fluorescence maxi-
mum at 482 nm occurs, as opposed to the emission at 445 nm
of the free dye. This emission change occurs within seconds
and is directly dependent on the fibril concentration. There-
fore, the kinetics of fibril formation can be followed by simply
measuring the time dependence of the increase in fluores-
cence of Thioflavin T.


Thereafter, the amount of fibrils was quantified by using the
change of the UV absorption of Congo red upon binding to
these fibrils. When Congo red binds to fibrillar Ab, a change in
color from orange-red to rose is induced, which corresponds
to a shift of the absorption maximum of the dye from 480 to
541 nm. This shift depends on the aggregation state of the
peptide. By comparing the absorption properties of both
Congo red and the amyloid fibrils on the one hand and their
mixture on the other at two different wavelengths, an absolute
quantification of the amount of fibrils formed is possible ac-
cording to the method derived by Klunk.[10]


The six receptors 2–7 were chosen based on our previous
binding studies with the model tetrapeptide VVIA.[6] The triva-
line receptor 2 was identified as the best binding receptor
among a combinatorial library of 512 members from a screen-
ing in methanol.[5a] The tri(ethylene glycol) (TEG) unit in 3 was
attached to increase solubility. Receptor 4 was identified as the
best binding sequence from a screening in water.[6b] Receptors
5 and 6 were not members of our initial library but were
chosen as structural analogues of 4 as they also contain two
positively charged lysines. In receptor 7, one of these two ly-
sines was exchanged for a negatively charged glutamate, thus
keeping the receptor highly polar but reducing it net charge
relative to 4–6.


Indeed, at 1 mm, the receptors 5 and 6 showed an inhibitory
effect in the Thioflavin T assay for Ab (1–42) with a slightly pro-
longed lag period of approximately four hours. Fluorescence
values reached a maximum after 1 day and remained at a pla-
teau thereafter. Both receptors also significantly reduced the
total fluorescence values. A typical set of data is shown in
Figure 1 for receptor 5. Receptors 2, 4, and 7 did not show
any effect in the Thioflavin T assay.


At the end of the assay, after six days, the amounts of Ab


(1–42) fibrils were quantified by Congo red binding. The data
are summarized in Table 1 and in Figure 2. In agreement with


Scheme 1. Tripeptide based guanidiniocarbonyl pyrrole receptors tested for the
inhibition of fibril formation of Ab (1–42) and Ab (1–40).


Figure 1. Thioflavin T assay of 5 for Ab (1–42).
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the Thioflavin T assay, receptors 2 and 4 did not have any
effect on the amount of fibrils formed. Receptors 5 and 6,
which both retarded fibril formation in the Thioflavin T assay,
also significantly reduced the amount of fibrils according to
the Congo red binding. For example, in the presence of either
1 mm 5 or 6, the amount of Congo red-stained fibrils was re-
duced by ��80 %! Even in the presence of only 100 mm re-
ceptors (corresponding to only a threefold excess relative to
Ab), a significant reduction in the amount of fibrils was still ob-
served (e.g. �40 % for 6). Receptor 7, although it did not show
any effect in the Thioflavin T assay, seems to reduce the
amount of fibrils formed according to the Congo red binding
assay. This apparently inconsistent behavior of 7 in the two
assays shows that 7 probably does not interfere with fibril for-
mation but interacts with Congo red thereby interfering with
this assay (vide infra). Klunk already mentioned the possibility
that a test compound could compete with Congo red for bind-
ing to Ab. This would give the false appearance of inhibition
of aggregation.


Surprisingly, the effect of the tri(ethylene glycol)-substituted
receptor 3 on fibril formation completely differed from all the
other receptors. According to the Thioflavin T assay 3 accelerat-


ed the fibril formation of Ab (1–42)
and increased the amount of amy-
loid plaques produced as deter-
mined by the Congo red assay
(+ 170 %).


These data show that artificial re-
ceptors such as 5 and 6 are indeed
capable of interfering with fibril for-
mation of Ab (1–42) in vitro. To fur-
ther probe the molecular basis of
this effect, we also examined the
ability of receptors 2–7 to inhibit
fibril formation of Ab (1–40), which
lacks the C-terminal VVIA sequence,
for which our receptors were de-
signed. As the tendency of Ab (1–
40) to self-aggregate is less pro-
nounced,[11] the critical concentra-


tion needed to form fibrils is higher than for Ab (1–42), thus re-
quiring a larger concentration of 100 mm peptide in the assay
(compared to 33 mm for Ab (1–42)). Therefore, the two receptor
concentrations used correspond to a 1:1 and a 10:1 molar
ratio for Ab (1–40), instead of 3:1 and 30:1 for Ab (1–42), but
are still in the same molar range for both peptides.


Neither receptor 2 nor receptors 4–6 showed any significant
effect on fibril formation of Ab (1–40) either in the Thioflavin T
or in the Congo red assay at either concentration tested. For
receptor 7, in a similar way to the situation with Ab (1–42),
again no effect was seen in the Thioflavin T assay, whereas the
Congo red binding assay showed exactly the same effect of 7
on Ab (1–40) as it did on Ab (1–42). As before, the tri(ethylene
glycol)-substituted receptor 3 accelerated the formation of fi-
brils also for Ab (1–40) in the Thioflavin T assay and increased
the total amount of fibrils by 340 % at 0.1 mm concentration,
as determined by the Congo red assay.


A comparison of the data for Ab (1–42) and Ab (1–40) sug-
gests that the C terminus of Ab (1–42) is indeed critical for the
inhibition of fibril formation at least for receptors 5 and 6.
These two receptors do not have any effect on the formation
of fibrils from Ab (1–40) not even at a tenfold molar excess,
but significantly inhibit fibrillogenesis of Ab (1–42) both in the
Thioflavin T and Congo red assay, even at a molar ratio as low
as 3:1 relative to Ab (1–42). A reasonable explanation is that
both receptors 5 and 6 preferentially interact with the C-termi-
nal VVIA sequence of Ab (1–42), as expected from the model
studies. Therefore, no effect is expected for Ab (1–40), which
lacks this sequence. Due to the polar character of the recep-
tors, the solubility of the resulting supramolecular aggregates
upon binding to the C terminus of Ab (1–42) is probably in-
creased sufficiently to inhibit fibril formation significantly.


That neither receptor 2 nor 4, which both strongly interact


with the C-terminal model tetrapeptide VVIA in solution,[6]


affect fibril formation is surprising at first glance. However, this
only underlines the fact that binding to the amyloid peptide is
necessary but not sufficient to inhibit fibrillogenesis. The inhib-
ition of fibril formation requires, at least, both binding to the
peptide on the one hand and solubilizing properties on the


Figure 2. Results of the Congo red (CR) assay for receptors 2–7 (1 mm) with Ab (1–42).


Table 1. Results of the Congo red assay for receptors 2–7 with Ab (1–42)
and Ab (1–40).


Receptor Change in amount of fibrils
Ab (1–42) Ab (1–40)


2 1 mm no effect no effect
100 mm no effect no effect


3 1 mm + 170 % + 340 %
100 mm no effect + 50 %


4 1 mm no effect no effect
100 mm no effect no effect


5 1 mm �80 % no effect
100 mm �95 % no effect


6 1 mm �80 % no effect
100 mm �40 % no effect


7 1 mm �95 % �95 %
100 mm �35 % �39 %
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other. It is reasonable to assume that both receptors 2 and 4
interact with Ab (1–42)—probably even selectively with its C
terminus—but they are evidently not capable of increasing the
solubility of the fibrils. In the case of 2, this is not surprising, in
view of its highly hydrophobic character. Why even 4, despite
the two charged lysines, is ineffective while the structurally re-
lated 5 and 6 are effective is not yet clear. But this points to
the fact, that charge by itself does not guarantuee solubiliza-
tion of the formed fibrils. Kiessling even observed that, for her
hybrid peptides, fibril formation was enhanced with increasing
number of lysines: the more polar the hybrid peptide was, the
more fibrils were formed.[5e]


This effect is similar to the unexpected behavior of receptor
3, which favors fibril formation in both assays. As the compari-
son with the ineffective receptor 2, which has the same struc-
ture but lacks the tri(ethylene glycol) chain, indicates this must
be obviously due to the tri(ethylene glycol) chain itself. Some-
how this tri(ethylene glycol) unit both accelerates fibril forma-
tion (Thioflavin T) and also increases the amount of fibrils
formed (Congo red) for both Ab (1–42) and Ab (1–40). This is
in good agreement with earlier observations by Suhr who re-
ported that poly(ethylene glycol) can actually induce amyloid
formation in mice.[12] Therefore, much more has to be learned
on a molecular basis to determine those factors that are crucial
for the inhibition of fibril formation.


Receptor 7 shows the same inconsistent features in both
assays with either Ab (1–42) or Ab (1–40): no effect is seen in
the Thioflavin T assay, while 7 causes the same effect even
quantitatively upon Congo red binding to both kinds of amy-
loid aggregate. This suggests that 7 either binds to another
part of the amyloid peptide than the C terminus or somehow
interferes with the binding of Congo red to the amyloid fibrils.
If 7 bound to another part of Ab than the C terminus, then
again the same effect on fibril formation for Ab (1–42) and Ab


(1–40) should be observed in the Thioflavin T assay. As this is
not the case, rather, 7 shows no effect at all in the Thioflavin T
assay, it is more likely that 7 interferes with the binding of
Congo red to the fibrils. Hence, the results of the Congo red
assay for 7 most likely do not indicate an inhibition of fibril for-
mation, but represent a false positive. This underlines the use
of a second independent assay as a control. Only if consistent
behavior in both assays is observed (as is the case for all the
other receptors studied here) can one be sure that the ob-
served effects are probably due to inhibition of fibril formation
and do not result from problems with the assay itself.[8]


In conclusion, we have demonstrated for the first time that
specifically designed artificial receptors are capable of inhibit-
ing amyloid fibril formation of Ab (1–42) in vitro by interaction
with its C-terminal VVIA sequence. Our results also show that
polarity by itself is not enough to turn an efficient receptor
into a potent b-sheet breaker. Much more has to be learned
about which additional factors turn a good binder into an effi-
cient inhibitor. But such work not only improves our under-
standing of peptide molecular interactions in general, but also
opens an economic and easy way of identifying biologically
active organic receptors by evaluating bioorganic model sys-
tems.
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Mithramycin (MTM) is an aureolic acid-type polyketide pro-
duced by various soil bacteria of the genus Streptomyces in-
cluding Streptomyces argillaceus (ATCC 12956).[1–3] MTM has
been used clinically to treat Paget’s disease and testicular carci-
noma,[4–7] and MTM’s hypocalcemic effect has been used to
manage hypercalcemia in patients with malignancy-associated
bone lesions.[8] Mithramycin has also been shown to act as
neuroprotective drug.[9]


All aureolic acid-group drugs (i.e. MTM, chromomycin A3, oli-
vomycin A, UCH9, and durhamycin A)[1, 10, 11] contain the same
tricyclic core moiety, but differ mainly with regard to their sac-
charide moieties, which consist of various 2,6-dideoxysugar
chains that are linked at the 2- and 6-positions of the aglycon
moiety. The structural variations in the glycosidic moieties are
responsible for subtle differences in the DNA binding and ac-
tivity profiles amongst the members of the aureolic acid
group.[1, 12–15] While extensive DNA–antibiotic interaction studies
clearly revealed that the intact C-D-E trisaccharide moiety is es-
sential for dimer formation as well as optimal DNA binding of
MTM and chromomycin,[14–18] the role of the disaccharide chain
at C-6 is less well characterized. However, the X-ray structure
of the MTM–DNA complex revealed that this disaccharide in-
teracts with the phosphate backbone of the DNA, and sug-
gested that modifications of this disaccharide chain may have
a profound impact on the biological activity. Unfortunately, de-
rivatives, which differ from their parent drug with respect to
the sugar units of the disaccharide chain, were not available at
that point, but are badly needed to further investigate the
structure–activity relationships (SAR) of the aureolic acids in
general, and of mithramycin in particular. Biosynthetic-pathway
engineering attempts were hampered by the fact that it was
not then possible to determine exactly which glycosyltransfer-


ases were responsible for the attachments of the two olivose
moieties of the disaccharide chain. Here we describe experi-
ments that led to a clear assignment of the two glycosyltrans-
ferases involved in the formation of the mithramycin disacchar-
ide chain.


It has been shown that MTM biosynthesis[3, 19–28] proceeds
through tetracyclic intermediates (premithramycins) with gly-
cosylation steps occurring on these tetracyclic biosynthetic in-
termediates. Initially the C-D-E-trisaccharide chain, consisting
of a d-olivose, a d-oliose, and a d-mycarose, is attached at the
12a-position of premithramycinone (which later becomes the
2-position in mithramycin), while the disaccharide moiety is at-
tached afterwards. Generation of GT-minus mutants suggested
that MtmGIV and MtmGIII are involved in the trisaccharide
chain formation, while MtmGI and MtmGII share the responsi-
bility of the attachment of the two d-olivoses that form the
disaccharide at C-6. Surprisingly, the GI� and the GII� mutants
accumulate exactly the same pattern of metabolites, including
premithramycins A1, A2, A2’, A3, and A3’ (see Scheme 1), the last
two possessing the complete C-D-E trisaccharide chain. Al-
though these results made it clear that both MtmGI and
MtmGII take part in disaccharide formation, it was unclear
which GT catalyzes which exact step, since neither the GI� nor
the GII� mutant accumulated a premithramycin with four
sugars including the first d-olivose unit of the disaccharide, as
one could have expected. To explain the results, it was specu-
lated that one of the two GTs (GI or GII) might catalyze the for-
mation of an NDP-activated diolivoside, while the other one at-
taches the diolivoside to the aglycon. Evidence for this view
came from model experiments with the sugar-cosubstrate flex-
ible glycosyltransferase ElmGT, which generated inter alia a
diolivosyltetracenomycin upon its heterologous expression in
S. argillaceus,[29] and from experiments in which S. argillaceus
M3DMG, a mutant in which all GTs of the MTM biosynthesis
were inactivated, was transformed with cosmid 16F4 as well as
with either the mtmGI or mtmGII gene. Cosmid 16F4 harbors
the entire gene cluster for the 8-demethyltetracenomycin bio-
synthesis plus ElmGT. Expression of cosmid 16F4 alone yields
8-olivosyltetracenomycin C as well as 8-mycarosyltetracenomy-
cin C, but not 8-diolivosyltetracenomycin C. From the further
expression of either the mtmGI or mtmGII gene, we expected
that the 8-diolivosyltetracenomycin C production would be re-
installed, if one of the encoded GTs were responsible for the
attachment of the second olivose or for the formation of an
NDP-activated diolivoside (assuming that ElmGT can transfer
such a diolivoside).


Unexpectedly, neither of the resulting constructs yielded 8-
diolivosyltetracenomycin C, and both transformed mutants
showed the same product pattern as found previously for the
S. argillaceus DGT mutant expressing cosmid 16F4 alone. Only
upon transformation of S. argillaceus M3DMG(cos16F4) with
both GT-encoding genes mtmGI and mtmGII, diolivosyltetrace-
nomycin production was restored to some extent. Thus, these
experiments were totally inconclusive regarding the exact role
played by MtmGI and MtmGII in mithramycin biosynthesis.


In this communication, we show strong evidence for the
view that these last two glycosylation steps in mithramycin
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biosynthesis are achieved by a stepwise attachment of single
olivose units catalyzed first by MtmGI (leading to 3A-deolivo-
sylpremithramycin B) and then by MtmGII (leading to premi-
thramycin B).


To look for previously undetected side compounds, we rein-
vestigated the MtmOIV� mutant, which accumulates predomi-
nantly premithramycin B.[24] Baeyer–Villigerase MtmOIV catalyz-
es the oxidative cleavage of the fourth ring of premithramy-
cin B to yield the tricyclic immediate precursor of mithramycin
(Scheme 1).[24] This is the penultimate[30] and key step of mi-
thramycin biosynthesis (note that only tricyclic but not tetracy-


clic derivatives/analogues of MTM are biologically active),[30–32]


and immediately follows the glycosylation reactions. Since
most mutants of the MTM biosynthesis accumulated more
than one product, often some earlier intermediates in addition
to the major product, which is usually the substrate of the in-
activated enzyme, we hoped to find a new premithramycin de-
rivative with an incomplete sugar pattern that might give us
further hints about the glycosylation sequence. After cultivat-
ing 10 L of the MtmOIV� mutant and scanning the crude prod-
uct by HPLC-MS, we indeed found a premithramycin derivative
with a molecular mass of 962 g mol�1; this indicates a tetrasac-


Scheme 1. Chemical formulae of compounds involved in the late steps of mithramycin biosynthesis.
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charidal compound since it is smaller than premithramycin B
(1092 g mol�1) by 130 amu (= 1 olivose unit). This side com-
pound accounts for <5 % of the products, with premithramy-
cin B being the only other product.


About 20 mg of the new premithramycin derivative were
isolated from 10 L of crude product of the MtmOIV� mutant
by semipreparative HPLC, and investigated by NMR spectros-
copy. The NMR data revealed clearly that both the premithra-
mycin aglycon moiety and the trisaccharidal side chain
attached at C-12a (sugars C-D-E) were still present in the mole-
cule. Compared to premithramycin B, the signals of one olivose
unit were missing, and compared to premithramycin A3, an ad-
ditional d-olivose unit was detected. This single d-olivose unit
is b-glycosidically linked at 8-position, as proven by an HMBC
coupling between 1A-H and C-8 and the large coupling con-
stant of 9.5 Hz observed for the anomeric 1A-H. Considering
that most streptomycete GTs follow mechanisms inverting the
anomeric configuration of the NDP-sugar-cosubstrate,[33] and
therefore belong to the GT-1 family, this is in agreement with
Klyne’s rule.[34, 35]


Assuming that the new 3A-deolivosylpremithramycin B is
the true substrate of either MtmGI or MtmGII, we fed 2 mg
of this compound to growing cultures of each the MtmGI�


(= S. argillaceus M3G1) and the MtmGII� (= S. argillaceus M3G2)
mutants 48 h after inoculation.[22] After another 24 h, the
MtmGI� mutant converted almost all deolivosylpremithramy-
cin B into premithramycin B and partly on to mithramycin,
while the MtmGII� mutant did not produce any premithramy-
cin B or mithramycin under the same conditions and still con-
tained considerable amounts of the exogenously fed deolivo-
sylpremithramycin B as well as apparently several isomerization
products of this compound that were not further investigated
(Figure 1).


These results provide clear evidence that MtmGII is capable
of attaching a second olivose moiety to the 3A-position of 3A-
deolivosylpremithramycin B, thus can use 3A-deolivosylpremi-
thramycin B as its acceptor substrate. Given that MtmGII is re-
sponsible for attaching the second olivose unit of the disac-
charide chain, MtmGI must be responsible for the attachment
of the first olivose to the 8-position of the premithramycin A3,
although no direct proof for this exists. Looking back at the
above-mentioned previous expression experiments (S. argil-
laceus M3DMG (cos16F4) with mtmGI and mtmGII), it appears
that MtmGII is somewhat specific regarding its acceptor sub-
strate and seems to be unable to use 8-olivosyltetracenomy-
cin C as substrate for the elongation toward diolivosyltetrace-


Figure 1. Conversion of 3A-deolivosylpremithramycin B to premithramycin B in the S. argillaceus GI� mutant M3G1. Chromatograms 1, 2, and 3 refer to the feeding
experiment with the GI� mutant, with peaks A = premithramycin A1, B = premithramycin A4, C = premithramycin A2, D = premithramycin A3, E = premithramycin A1’.
Chromatogram 1 represents the culture of the GI� mutant after 48 h of growth (no addition) ; chromatogram 2 immediately after the addition of 3A-deolivosylpre-
mithramycin B (peak F); chromatogram 3 represents the culture 24 h after addition of the precursor, G corresponds to premithramycin B and H to mithramycin.[37]


Chromatograms 4, 5, and 6 represent the feeding experiment with the GII� mutant, *: peaks appear to come from isomers of 3A-deolivosylpremithramycin B (mass
always 962 amu), but were not further investigated.
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nomycin C. However, MtmGII appears to be able to attach a
second olivose to 8-olivosyltetracenomycin C in the presence
of MtmGI; this might indicate that MtmGI and MtmGII assist
each other in their activity and are compromised when ex-
pressed alone.[36a] Monitoring the secondary-metabolite pro-
duction of the MtmOIV mutant also gives some evidence that
MtmGII is somewhat slowed down when out of context of the
normal MTM-biosynthetic machinery. The relative production
curves of deolivosylpremithramycin B versus premithramycin B
show an almost 50:50 relation 12 h after inoculation, while pre-
mithramycin B dominates (>95 %) at harvesting time approxi-
mately 100 h after inoculation (Figure 2). This indicates that
MtmGII lags behind somewhat in its activity compared to all
the other enzymes contributing to the formation of premithra-
mycin B.[36b]


Experimental Section


Strains and cultures : All S. argillaceus mutant strains mentioned in
this publication were previously described, that is, the MtmOIV�


mutant M3DO4,[24] the MtmGI� mutant M3G1,[22] the MtmGII�


mutant M3G2,[22] and the GT-deletion mutant M3DGM.[24]


Isolation and physicochemical properties of 3A-deolivosylpremi-
thramycin B : A seed culture was prepared by using tryptone soya
broth media inoculated with spores of the S. argillaceus MtmOIV�


mutant and incubated in an orbital shaker (24 h, 30 8C, 250 rpm).
This seed culture was used to inoculate (at 2.5 %, v/v) one hundred
Erlenmeyer flasks (250 mL, each containing 100 mL of modified R5
medium) for 5 days. Product formation was monitored every 24 h
by HPLC-MS. After 5 days, the solid culture media were centrifuged
(4000 rpm, 30 min), and the combined, concentrated supernatants
were separated on a chromatography column (5 � 10 cm2, RP
C18, irregular; acetonitrile/water 35:65). Further purification was
achieved by HPLC (1–2 min: 100 % water, then 3–30 min: 70 %
water/30 % acetonitrile to 30 % water/70 % acetonitrile, followed by
a recalibration of the column by 7 min of 100 % water. Flow rate:
10 mL min�1, Waters symmetry-semiprep RP-18, 7 mm, 19 � 150 mm)
to yield two compounds, 3A-deolivosylpremithramycin B (8.2 mg,
962 g mol�1) and premithramycin B (162.8 mg, 1092 g mol�1).


Physicochemical properties of 3A-deolivosylpremithramycin B :
1H NMR (400 MHz, [D6]acetone/[D4]methanol, 9:1) and 13C NMR
(100 MHz, [D6]acetone/[D4]methanol, 9:1): see Table 1; IR (KBr): n=
3423 (OH), 2971 (CH), 2931 (CH), 2882 (CH), 1716 (C=O), 1701 (C=


O), 1598 (C=O), 1519 (C=C), 1361, 1157, 1063 cm�1; UV/Vis (metha-
nol): lmax (8) = 433 (9100), 316 (6100), 282 nm (54 200); positive-
mode ESI-MS: m/z = 985.3 [M+Na], negative mode ESI-MS: m/z =
961.3 [M�H]; the molecular formula of C47H62O21 (962 g mol�1) was
proven by HRMS: calcd 962.37837, found 961.37786.


Figure 2. Monitoring of the S. argillaceus MtmOIV� mutant M3DO4 by HPLC:
PremtmB = premithramycin B; DOPB = 3A-deolivosyl-premithramycin B.


Table 1. 1H and 13C NMR data of 3A-deolivosyl-premithramycin B.


Position d 1H Multiplicity d 13C Important 3JC-H


[ppm] (J [Hz]) [ppm] couplings (HMBC)


Aglycon
1 – – 196.7 –
2 – – 114.4 –
3 – – 189.0
4 4.13 d (2.8) 77.4 2, 4-OCH3, 5
4-OCH3 3.43 s 60.7 4
4a 3.12 m 42.4 1, 3, 5a
5 4.09 dd (16, 12) 28.5 4, 6


3.34 dd (16, 3)
5a – 134.5 –
6 6.38 br s 118.4 7, 11a, 12a
6a – – 139.4 –
7 6.66 s 101.6 6, 9, 10a
8 – – 160.2 –
9 – – 111.2 –
9-CH3 2.08 s 7.7 8, 9, 10
10 – – 155.8 –
10a – – 107.6 –
11 – – 165.5 –
11a – – 107.5 –
12 – 193.2 –
12a 81.5 2, 12a
1’ – – 204.4 –
2’ 2.86 s 26.0 1’, 2
Sugar A (b-d-olivose)
1A 5.23 dd (10, 2) 96.9 8
2Aax 1.53 ddd (12, 12, 10) 39.7
2Aeq 2.55 m (overlap)
3A 3.55 ddd (12, 9, 5) 70.3
4A 3.35 dd (9, 9) 76.4
5A 4.25 m (overlap) 72.5
6A 1.36 d (6) 18.0
Sugar C (b-d-olivose)
1C 4.73 dd (10, 2) 100.1 12a
2Cax 1.55 ddd (12, 12, 10) 39.2
2Ceq 2.67 ddd (12, 5, 2)
3C 3.78 m (overlap) 81.5 1D
4C 3.57 dd (9, 9) 75.0
5C 3.70 dq (9, 6) 72.2
6C 1.38 d (6) 17.8
Sugar D (b-d-oliose)
1D 4.76 dd (10, 2) 97.6 3C
2Dax 1.11 ddd (12, 12, 10) 32.2
2Deq 2.14 ddd (12, 5, 2)
3D 3.52 ddd (12, 5, 3) 77.4 1E
4D 3.68 br s 68.5
5D 3.78 m (overlap) 70.7
6D 1.23 d (6) 16.3
Sugar E (b-d-mycarose)
1E 5.19 dd (9.5, 2) 97.6 3D
2Eax 2.31 dd (13, 9.5) 44.1
2Eeq 2.67 dd (13, 2)
3E – – 70.3
3E-CH3 1.48 s 27.0 2E, 3E, 4E
4E 3.01 d (9) 76.5
5E 3.72 m (overlap) 71.0
6E 1.20 d (6) 17.7
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Feeding of 3A-deolivosylpremithramycin B to mtmDGI and
mtmDGII mutants : The culture was prepared by using modified
R5 medium inoculated with spores of S. argillaceus mutants M3G1
and M3G2 in two different Erlenmeyer flasks (250 mL, each con-
taining 100 mL of media) and incubated in an orbital shaker (72 h,
30 8C, 250 rpm). 3A-Deolivosylpremithramycin B (2 mg each) was
fed to the growing cultures after 48 h of inoculation of both S. ar-
gillaceus M3G1 and M3G2 (i.e. , the mtmDGI and mtmDGII mutants).
The cultures were grown for another 24 h. HPLC control samples
were taken before and just after the addition of 3A-deolivosylpre-
mithramycin B as well as 24 h after the feeding, Figure 1). The fol-
lowing HPLC gradient solvent system was used: 1–2 min 100 %
water, 3–45 min 75 % water/25 % acetonitrile to 20 % water/80 %
acetonitrile, then recalibration of the column with 100 % water for
another 10 min. All the peaks of the chromatograms have been
identified through HPLC-UV, HPLC-MS, and authentic samples.


HPLC-MS : HPLC/MS was performed on a Waters Alliance 2695
system, equipped with a Waters 2996 photodiode array detector
and a Micromass ZQ 2000 mass spectrometer by using an APCI
probe (solvent A: 0.1 % formic acid in H2O; solvent B: acetonitrile;
flow rate = 0.5 mL min�1; 0–10 min 75 % A and 25 % B to 100 % B,
linear gradient, 10–12 min 100 % B, 12–14 min 100 % B to 75 % A
and 25 % B (linear gradient), 14–15 min 75 % A and 25 % B). We
used column Waters Symmetry C-18, 4.6 � 50 mm, particle size
5 mm. The column temperature was 23 8C, and the UV detection
wavelength was 452 nm.
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Enantiomerically pure primary and secondary amines are
widely used as chiral auxiliaries and resolving agents and are
also valuable intermediates for the synthesis of pharmaceuti-
cals and agrochemicals.[1] Although enantiomerically pure
amines are traditionally prepared by classical resolution of the
corresponding racemate, alternative approaches have been de-
veloped based upon i) asymmetric reduction of imines,[2] ii) hy-
droamination of alkenes[3] and iii) lipase-catalysed kinetic reso-
lution of racemic amines.[4] However, secondary amines, many
of which have pronounced biological activity,[5] are poor sub-
strates for lipases compared to the corresponding primary
amines, with only a few documented examples in the litera-
ture.[6] Hence the use of lipase resolution does not offer a gen-
eral route to this class of chiral molecule. Moreover, to date it
has generally not been possible to achieve the in situ racemi-
sation of amines to effect a dynamic kinetic resolution process
due to the relatively harsh conditions required to racemise
amines.[7]


Against this backdrop, we sought to extend our chemo-en-
zymatic deracemisation method to encompass chiral secondary
amines. Based upon our earlier work with a-amino acids,[8] we
recently reported the deracemisation of a-methylbenzyl amine
(a-MBA, 1) in a one-pot procedure by the combined use of an
enantioselective amine oxidase and ammonia borane as the
reducing agent (Scheme 1).[9]


In order to identify an enzyme with appropriate activity and
enantioselectivity towards a-methylbenzylamine, the amine ox-
idase from Aspergillus niger (MAO-N) was subjected to directed
evolution,[10] with (S)-1 as the probe substrate, by random mu-
tagenesis and selection employing a high-throughput agar-
plate-based colorimetric screen. This approach led to the iden-
tification of an important amino acid substitution (Asn336Ser)
that resulted in a variant enzyme possessing significantly
enhanced activity (ca. 50-fold) and greater enantioselectivity
towards 1 than the wild-type enzyme.[9] Subsequently, we


showed that this variant was also characterised by broad sub-
strate specificity, being able to oxidize a wide range of chiral
primary amines with high enantioselectivity.[11] However, al-
though this variant showed some activity towards chiral secon-
dary amines (relative activity of 1-methyltetrahydroisoquinoline
(MTQ, 2) �15 % of a-MBA), the rates of oxidation were too
low to permit efficient preparative deracemisation reactions.
Our goal therefore was to evolve a “secondary amine oxidase”
for preparative-scale deracemisation reactions to complement
the existing “primary amine oxidase”.


The MAO-N gene used as the starting point for further di-
rected evolution contained four amino acid substitutions com-
pared to the wild-type. In addition to the Asn336Ser mutation,
which is important for catalytic activity/enantioselectivity, mu-
tations were Arg259Lys and Arg260Lys (improved expression)
and Met348Lys (improved activity). This gene was subjected to
random mutagenesis, by using the E. coli XL1-Red mutator
strain (mutation frequency ca. 1–2 base changes per gene), fol-
lowed by transformation and screening of the library (ca.
20 000 clones) against (R/S)-2 as the substrate, as previously
described.[9] A number of clones (ca. 10) showed greater activi-
ty than the parent, with one in particular appearing to be sig-
nificantly more active. Purification of this variant amine oxidase
showed that it possessed a kcat value about 5.5-fold higher
than the parent towards (S)-2 (Table 1) and also a higher KM


value (0.31 vs. 0.06 mm). The new variant displayed very high
(S)-selectivity (E>100; calculated from ratio of kcat/KM for (S) vs.
(R) enantiomer) towards MTQ and, upon sequencing, was
found to possess an additional point mutation (Ile246Met)
compared to the parent.


Interestingly, this new variant was found to have kcat values
towards a-MBA and amylamine (3) comparable to those of the
parent. However, the new variant showed evidence for en-


Scheme 1. Deracemisation of a-methylbenzylamine (1) with an amine oxidase
in combination with ammonia borane.


Table 1. Kinetic parameters of Asn336Ser and Asn336Ser/Ile246Met variants
towards selected amines.


Asn336Ser Asn336Ser/Ile246 met
Amine kcat KM kcat/KM kcat KM kcat/KM


[min�1] [mm] [min�1 mm
�1] [min�1] [mm] [min�1 mm


�1]


(S)-2 1.10 0.06 18.33 6.00 0.31 19.35
(R)-2 0.06 0.70 0.09 0.08 3.58 0.02
(R/S)-1 6.01 1.11 5.41 7.00 2.88 2.43
(R/S)-4 150.07 0.38 394.92 128.20 0.72 178.06
amylamine (3) 72.10 0.54 133.52 72.49 2.46 29.47
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hanced activity towards chiral secondary amines (i.e. , 2, 5, 6, 7
and 9) as shown in Scheme 2, with 2-phenylpyrrolidine (4)
showing the highest kcat (Table 1). Although in some cases the
activity was reduced (8 and 10), in general, the initial aim of
using a model secondary amine substrate (2) to select for a
variant enzyme with improved activity towards a wider range
of chiral secondary amines had been realised.


To further probe the importance of Ile246 as a key residue in
controlling substrate specificity, we screened a second library
in which position 246 was fully randomized. By using the Quik-
change kit (Stratagene), a library of 220 colonies was screened,
with (R/S)-2 as substrate, to ensure a 99 % probability of all
possible 32 NNS codons being represented (p = 1�e�N/V where
p = % probability, N = sample size required, V = total number of
combinations). Eight colonies showed distinctly greater activity
than the rest and, when picked and sequenced, to our surprise
all contained methionine at position 246 (statistically expected
6.9 clones). Thus although the use of the mutator
strain places constraints on the range of amino acids
that can be introduced at specific sites, in the pres-
ent example the optimal amino acid was indeed
found by this approach.


Prior to assessing the suitability of the Asn336Ser/
Ile246Met variant for preparative-scale deracemisa-
tion reactions of secondary amines, we screened a
variety of reducing agents for their ability to reduce
1-methyl-3,4-dihydroisoquinoline (MDQ) to MTQ.
(Figure 1). Amine boranes were generally found to be
highly reactive under aqueous conditions with the
following order of activity: 4-dimethylaminopyridine
borane (DMAP borane)>2-(methylamino)pyridine
borane>ammonia borane. Catalytic transfer hydro-
genation (Pd/C ammonium formate) was also found
to be effective. By using ammonia borane, it was
found that as little as 1.0 equivalent (0.5 equiv for
DMAP borane), relative to the substrate, could be
used for complete reduction of MDQ to MTQ. For


ease of use, ammonia borane was chosen for all subsequent
preparative-scale reactions.


Initial small-scale deracemisation reactions of (R/S)-MTQ
were carried out at 10 mm substrate concentration with
10 equiv of ammonia borane and washed whole cells (E. coli)
expressing the Asn336Ser/Ile246Met variant amine oxidase.
Complete deracemisation (ee = 99 %) was achieved within 8 h.


At 20 mm MTQ, on a preparative
scale, the reaction was complete
after 48 h and yielded (R)-MTQ in
71 % isolated yield (ee = 99 %). To
complement the whole-cell ap-
proach, we also developed an
immobilised form of the amine
oxidase. The soluble fraction
from the cell-free extract was
subjected to purification by Ni-
affinity chromatography to give
the amine oxidase in >80 %
purity. Treatment with Eupergit C
resulted in immobilisation onto
the resin. By using the immobi-
lised amine oxidase with 20 mm


MTQ, the deracemisation process
was found to be slower (ca.
96 h) than with the whole-cell
approach, but the isolated yield


was considerably higher (yield = 95 %; ee = 99 %). Finally to
demonstrate the generality of the approach and explore the
effect of working at higher substrate concentration, we exam-
ined the preparative deracemisation of (R/S)-2-phenylpyrrol-
dine, analogues of which are potent ligands for the nicotinic
acetylcholine receptor.[12] With the immobilized enzyme, a sub-
strate concentration of 100 mm (14.7 gL�1) and ammonia
borane (2.5 equiv), the deracemisation was complete within
48 h and, after work-up, yielded (R)-2-phenylpyrrolidine in 80 %
yield and 98 % ee.


Scheme 2. Relative activities of various amines towards Asn336Ser and Asn336Ser/Ile246Met variants.


Figure 1. Reduction of MDQ 11 to MTQ 2 by using various reducing agents.
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In order to gain insights into the possible significance of the
mutation at Ile246, we generated an homology model of the
active site. Although there is no X-ray structure available for
monoamine oxidase N (MAO-N) from A. niger, the related
enzyme monoamine oxidase B (MAO-B) from human liver has
been crystallized, and the structure has been solved to a reso-
lution of 2.5 �.[13] Figure 2 shows a picture of the suicide inhibi-


tor pargyline covalently bound at the active site of MAO-B, to-
gether with the key amino acid residues that line the active
site (black). We carried out a WU-Blast2 sequence alignment
(EMBL-EBI) between MAO-N and MAO-B which revealed 24 %
sequence identity and 43 % sequence similarity between the
two proteins. The corresponding residues from MAO-N are
shown in grey, and it is interesting to note that i) the active
sites of both enzymes contain a high proportion of aromatic
residues and ii) there is considerable homology, and often iden-
tity, between the two enzymes (e.g. Tyr60/Trp94, Tyr435/
Phe466, Tyr188/Trp230, Phe168/Phe210, Tyr365/Tyr326,
Leu171/Leu213, Cys172/Cys214, Tyr398/Trp430). Ile246 (MAO-
N) maps onto Gln206 (MAO-B), the latter appearing to make
intimate contact with the substrate. It is also perhaps signifi-
cant that these two amino acids are quite different in nature
and steric demand, and might therefore represent important
residues in the respective proteins for controlling substrate
specificity.


In summary we have developed a practical procedure for
deracemisation of cyclic secondary amines by a further round
of directed evolution of the monoamine oxidase from A. niger.
By using a representative secondary amine as the substrate for
screening the library, we were able to identify a variant
enzyme that possessed general activity towards a range of
structurally related, but different, secondary amines. Further-
more the key mutation Ile246Met appears to be important in
terms of controlling substrate specificity, and therefore consti-


tutes a “hot spot” that can be explored for altering specificity
towards other amine substrates of interest.
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Carbon nanotubes have been widely investigated for their
unique combination of properties including their one-dimen-
sional hollow structure, high-strength with flexibility, large sur-
face area, and chemical stability.[1, 2] There has also been grow-
ing interest in their potential biological applications, especially
in biosensors[2] and vaccine- and drug-delivery systems.[3, 4]


Both single- and multiple-walled carbon nanotubes (SWNT and
MWNT, respectively) can be modified and conjugated with bio-
active molecules and biological species including carbohy-
drates,[5, 6] amino acids and peptides,[7–9] nucleic acids and ana-
logues,[10–12] and proteins.[13–16] We have previously demonstrat-
ed that SWNTs are naturally protein affinitive in water and that
covalent modification of the nanotubes with proteins gives
stable conjugation and excellent aqueous solubility of the con-
jugates.[15] Here we report the preparation of immuno-carbon
nanotubes by conjugating pathogen-specific antibodies to the
SWNTs that are functionalized with bovine serum albumin
(BSA) protein (Scheme 1) and, for the first time, the recognition
of target pathogen cells by the immuno-carbon nanotubes via
antibody–antigen interactions in physiological environment.


The SWNT–BSA conjugate was prepared by a carbodiimide-
activated amidation reaction of the nanotube-bound carboxyl-
ic acids with pendant amino moieties on BSA.[14a] The conju-
gate sample was readily soluble in water (nanotube equivalent
solubility >5 mg mL�1), forming a dark-colored but homoge-


neous solution. The solution was used to cast a solid-state thin
film for optical absorption measurements. The spectrum thus
obtained exhibits near-IR absorption bands at ~1900 and
~1010 nm that are characteristic of the first (S11) and second
(S22) van Hove singularity transitions of semiconducting SWNTs,
respectively.[17] Atomic force microscopy (AFM) imaging of the
sample on a mica surface shows that the BSA-functionalized
SWNTs are well dispersed and that each nanotube is intimately
associated with multiple BSA species (Figure 1). These results
agree well with those already available in the literature,[14] thus
confirming the formation of an SWNT–BSA conjugate.


The nanotube-bound protein species can be selectively re-
moved in the thermal gravimetric analysis (TGA) to allow an
estimate of the nanotube content.[18] According to the TGA
result, 25�5 % (w/w) of a typical SWNT–BSA conjugate sample
is nanotube. The conjugate sample was also analyzed in a
modified Lowry assay to determine the total protein con-
tent.[14] The result of ~70 % (w/w) total protein in the sample
(with the rest being primarily SWNTs) is consistent with the
nanotube content estimate based on TGA.


The SWNT–BSA conjugate was coated with the antibody
goat anti-Escherichia coli O157 (Ab1) by direct adsorption. In a
typical procedure, a solution of Ab1 (10 mg mL�1, 90 mL) in
phosphate-buffered saline (PBS; 0.1 m, pH~7.4) was added to
the SWNT–BSA solution (20 mg mL�1, 100 mL, 0.1 m PBS).[19] The
mixture was subjected to slow rotation (Dynal Biotech Sample
Mixer Model 947.01) at 40 rpm for 20–24 h at room tempera-
ture, and then separated in a centrifuge at 14 000 g (Eppendorf
Centrifuge 5417R) to remove free Ab1 (in the discarded clear
supernatant). The black pellet was resuspended in PBS buffer
(100 mL), and another round of the centrifuging/suspending
process followed. The final sample was again suspended in
PBS buffer (100 mL) to yield a homogeneous dispersion of the
SWNT–BSA-Ab1 conjugate (or “immuno-SWNT”).


A solution of freshly cultured E. coli O157:H7 cells (100 mL,
0.85 % NaCl, ~109 CFU mL�1) was added to the immuno-SWNT
solution (100 mL, 0.1 m PBS). The mixture was subjected to slow
rotation at 40 rpm for 1 h at room temperature, and then sepa-
rated in a centrifuge at 14 000 g. The pellet was repeatedly


Scheme 1.


Figure 1. An AFM image of the SWNT–BSA sample on a mica surface (scale
bar = 1 mm).
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washed with PBS buffer to remove unbounded immuno-SWNT
species, and the final suspension in PBS was passed through a
membrane filter (0.2 mm). The filter with the immuno-SWNT-
bound E. coli cells was used as the specimen (after the applica-
tion of a thin conductive coating) for scanning electron micro-
scopy (SEM) analysis. The SEM images thus obtained provide
visual evidence for the conclusion that there are indeed strong
interactions between the immuno-SWNT and E. coli cells. In
fact, the E. coli cells are covered by SWNTs, as shown in
Figure 2.


The interactions of the immuno-SWNT with E. coli cells are
specific. In a control experiment, the SWNT–BSA conjugate
rather than the immuno-SWNT was used with the E. coli cells
in the same experimental procedure. However, the SEM results
suggest no meaningful binding of the nanotube conjugates
with the E. coli cells (Figure 3). The cells in these images are in
sharp contrast to those from the E. coli–immuno-SWNT sample
(Figure 2). Evidently, the immunofunctionality induced by the
coating of SWNT–BSA with Ab1 is critical to the binding with
the E. coli cells. The results also suggest that SWNTs conjugated
with immunofunctionalities are indeed bioactive and capable
of specific antibody–antigen interactions with pathogenic cells.


The specific antibody–antigen interactions were verified in
terms of the use of a secondary antibody, goat anti-rabbit IgG
(H+L) (Ab2). The secondary antibody Ab2 is such that it binds
only to the primary antibody (Ab1) but not to the E. coli.[20] To
enable confocal microscopy imaging, E. coli cells labeled with a
green fluorescent protein (GFP) marker[21] and secondary anti-


body Ab2 labeled with rhodamine (red fluorescence) were
used. In the experiment, a solution of Ab2 (5 mg mL�1, 15 mL,
0.1 m PBS) was added to a mixture of the immuno-SWNT and
E. coli cells (15 mL, 0.01 m PBS), and the resulting sample was in-
cubated at 37 8C for 30 min. After centrifuging at 10 000 g, the
sample was washed repeatedly with PBS (0.01 m) to remove
unbound Ab2, and then resuspended in PBS. A small drop of
the suspension was placed on a glass slide and sealed with a
glass cover slip for confocal microscopy analysis.


In the confocal microscopy imaging, the green fluorescence
spots (Figure 4 A) identify the
E. coli cells (GFP-labeled), and
the red fluorescence spots (Fig-
ure 4 B) identify the Ab2 species
(rhodamine-labeled). Figure 4 C
shows a combination of the two
images, in which the yellow fluo-
rescence spots are due to the
superposition of the green and
red signals. Since Ab2 only binds
to Ab1 but not to E. coli and
there was no free Ab1 as a result
of the thorough washing, the
confocal microscopy results sug-
gest strongly that the antibody–
antigen interactions with the
E. coli cells are specific to Ab1 in
the immuno-SWNT.


The immuno-SWNT–E. coli in-
teractions are through the nano-
tube-bound Ab1 species and the
cell surface antigen sites. In
immuno-SWNT, the initial nano-
tube conjugation with BSA intro-
duces the necessary aqueous
solubility, making it easier to fur-
ther modify the nanotubes in a
physiologically compatible envi-
ronment.[19] However, the ad-


sorption mode of the antibodies onto the SWNT–BSA is proba-
bly complex, including the issue of whether the nanotube-
bound BSA species repel or facilitate the conjugation with the
antibodies. Several possibilities for the adsorption mode will
be evaluated in further investigations.[22]


It is known that the conformational structures of the anti-
body proteins might play a critical role in some antibody–anti-
gen interactions.[23] For the antibody Ab1, possible changes in
its conformation upon being attached to the SWNT–BSA conju-
gate remain to be explored and understood. It does appear,
however, that whatever the effect might be, it does not funda-
mentally change the immunological function of the SWNT-
bound antibody species. The observation of clearly strong in-
teractions between the immuno-SWNT and the target E. coli
cell suggests that the conjugated antibodies are capable of
specific recognition toward their antigen counterparts. Similar-
ly, Dai and co-workers reported that some antigens that were
immobilized onto SWNT devices by covalent linkages to surfac-


Figure 2. SEM images of E. coli cells bound with immuno-SWNT species. There was the possibility occasionally to find
two cells bound together by the nanotubes (D). This became even rarer when the bacteria concentration was lower.
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tant molecules still retained activity toward their antibody
counterparts.[13a]


In summary, we have shown that the antibody goat anti-
E. coli O157 can be conjugated to the SWNT–BSA conjugate to
form the immuno-SWNT under physiologically compatible con-
ditions. The immuno-SWNT is capable of recognizing patho-
genic E. coli O157:H7 cells through specific antibody–antigen
interactions. Carbon nanotubes are species of unique proper-
ties, such as large aspect ratio and high surface area. These
nanomaterial properties are being explored for biosensors and
related bioapplications. The work reported here might prove
valuable to the potential development of rapid and ultrasensi-
tive pathogen-detection techniques based on the use of
carbon nanotubes.
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A Novel Mycolactone from a Clinical
Isolate of Mycobacterium ulcerans
Provides Evidence for Additional
Toxin Heterogeneity as a Result of
Specific Changes in the Modular
Polyketide Synthase


Hui Hong,[a] Jonathan B. Spencer,[a] Jessica L. Porter,[b]


Peter F. Leadlay,*[c] and Tim Stinear[b]


Mycolactones are macrocyclic polyketide toxins produced by
the pathogen Mycobacterium ulcerans, the etiologic agent of
the emerging human disease known as Buruli ulcer.[1] The dis-
ease is characterised by large necrotic skin lesions, and current-
ly surgical intervention is the only realistic therapy.[2] Mycolac-
tone appears to play a key role in infection, since, in an animal
model, subcutaneously injected purified mycolactone reprodu-
ces the pathology of the disease, while M. ulcerans strains defi-
cient in mycolactone production do not provoke lesions.[1] My-
colactones thus appear to provide the first example of a poly-
ketide virulence factor in a human pathogen.[3] Mycolactone
also has immunosuppressive properties and appears to induce
apoptosis.[4, 5]


The structures of mycolactones A and B have been deter-
mined[1, 6] to be, respectively, the Z- and E- isomers of a 12-
membered macrocyclic polyketide to which a second highly
unsaturated polyketide chain is appended via an ester linkage
(Scheme 1). The complete structures and their absolute config-
uration have been confirmed by chemical synthesis.[7, 8] Further
work has revealed the existence, in culture extracts of a typical
strain of M. ulcerans, of small amounts of other mycolactones
that differ from mycolactones A and B only in the side
chain[9–11] and whose structures very largely reflect the aberrant
operation of a specific cytochrome P450 hydroxylase required
for mycolactone biosynthesis.[3, 10, 12] Scrutiny of 34 different
clinical isolates also indicated very little heterogeneity, again
restricted to the side chain, although the structures were not
examined in detail.[11]


The genetic basis for mycolactone biosynthesis has recently
been revealed.[12] M. ulcerans contains a 174 kb megaplasmid
that harbours, in addition to a number of auxiliary genes, sev-
eral very large genes encoding type I modular polyketide syn-
thases that closely resemble the actinomycete PKSs that
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govern the biosynthesis of erythromycin, rapamycin and other
macrocyclic polyketides, in which each module of fatty acid
synthase-related enzymes catalyses a specific cycle of poly-
ketide chain extension.[13, 14] Genes mlsA1 (51 kbp) and mlsA2
(7 kbp) encode the PKS for production of the 12-membered
core lactone, while mlsB (42 kbp) encodes the side-chain PKS.


The availability of this sequence has prompted us to investi-
gate the structural differences between mycolactones A/B,
from an African isolate (MUAgy99) and the mycolactones pro-
duced by another pathogenic strain of M. ulcerans, to see
whether any variant mycolactones in the latter strain might be
accounted for by changes within the PKS rather than changes
in processing steps. To characterise the mycolactone metabo-
lites, we used our recently described method of LC-sequential
mass spectrometry (LC-MSn), performed on an ion-trap mass
spectrometer.[10] Ion-trap mass spectrometry (by using either
FTICR or a quadrupole ion trap) allows multistage collision
fragmentation of target molecules to yield detailed structural
information. We report that mycolactones from a pathogenic
strain of M. ulcerans from China (MU98912) all possess an extra
methyl group at C2’ compared to mycolactone A (see
Scheme 1), as the apparent result of the recruitment of a
single catalytic domain of altered specificity in the mycolac-
tone PKS.


For details of the growth of M. ulcerans strains and extrac-
tion of metabolites, see the Experimental Section. Preliminary
LC-MS analysis of the cell extract showed that normal mycolac-
tones, with characteristic values of m/z = 765, 763, 749, and
747, were not produced by the Chinese strain, MU98912. How-
ever, at least three new components at m/z = 779, 777 and
761, were detected. When on-line LC-MS/MS analyses were
performed on these ions, they showed fragmentation patterns


surprisingly similar to that of normal mycolactone A/B (see
Figure 1). All the MS/MS spectra of the mycolactones from
MU98912 contained fragment ions corresponding to fragment
ions A and B in MUAgy99, which are characteristic of the core
lactone and the polyketide side chain, respectively.[10] Fragment
ion A was conserved in all the spectra, while fragment ion B
varied exactly in accordance with the variation in the mass of
the precursor ion. It therefore appears that the core lactone is
identical in the mycolactones from MUAgy99 and MU98912,
and structural variations are restricted to the polyketide side
chain.


To obtain further information about such structural varia-
tions, off-line accurate-mass analyses and deuterium-exchange
experiments were performed on these newly identified myco-
lactones. The results, when compared to those from the classic
mycolactones from MUAgy99 (Table 1) clearly showed that my-


colactones from MU98912 have the same number of ex-
changeable protons but an extra methylene group compared
to their counterparts from MUAgy99. We reasoned that these
results might be accounted for if there were an extra C- or O-
linked methyl substituent in the side chain of all the mycolac-
tones from the MU98912.


To test this idea, and to locate the exact position of such an
extra methyl group within the side chain, detailed comparisons
were carried out between the MS/MS spectra of mycolactones
from the two strains. In the MS/MS spectra of mycolactones
from MUAgy99 (a representative MS/MS spectrum (of m/z =


765) is shown at the top of Figure 1), the fragment ion at
m/z =565 is always seen. We have previously proposed that this
conserved fragment, designated fragment ion C,[10] arises as a
result of cleavage of the C6’�C7’ bond. In addition to fragment
ion C, conserved fragment ions at m/z = 579 (ion D) and 631
(ion E) arise from the mycolactones from MUAgy99, and are
identified by deuterated MS/MS analysis (data not shown) as
resulting from cleavage of C7’�C8’ and C10’�C11’, respectively
(see Scheme 2). In comparison, in the MS/MS spectra of myco-
lactones from MU98912, deuterated MS/MS analysis showed
the counterpart of ion E (m/z =631) increased by 14 mass units
to m/z =645; this suggests that there is an extra methyl group
and that it lies within the span C2’ to C10’. However, no frag-
ment 14 mass units higher than fragment ion D (m/z = 579)
was seen. Instead of both ion C (m/z = 565) and ion D (m/z =


Scheme 1. The structures of mycolactone A (Z-D4’,5’) and B (E-D4’,5’) from the
African strain MUAgy99 (1) and the Chinese strain MU98912 (2).


Table 1. Comparison of molecular formulae and of numbers of exchange-
able protons in mycolactones from the African strain MUAgy99 and the
Chinese strain MU98912.


MUAgy99[a] MU98912
Metabolite Formula n[b] Metabolite Formula Observed Error n[b]


[M+Na]+ [M+Na]+ Mass (ppm)


765 C44H70O9Na 5 779 C45H72O9Na 779.5022 �6.0 5
763 C44H68O9Na 4 777 C45H70O9Na 777.4922 1.3 4
747 C44H68O8Na 3 761 C45H70O8Na 761.4943 3.0 3


[a] The data for mycolactones from MUAgy99 are taken from ref. [10] .
[b] Number of deuterons after exchange.
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579), only a fragment ion at m/z = 579 (14 mass units higher
than fragment C) was seen. This important information pro-
vides strong evidence that there is an extra C-linked methyl
group at the C2’ position.


In the light of this specific structural difference between the
mycolactones from MUAgy99 and MU98912, nucleotide-
sequence analysis of the appropriate part of the mycolactone
biosynthetic genes was carried out. Preliminary restriction-
mapping analysis of the M. ulcerans megaplasmid bearing the
mycolactone biosynthetic genes showed (as expected) no evi-
dent differences between MUAgy99 and MU98912. We then
specifically amplified by PCR and sequenced the DNA-encod-
ing extension module 7 of the PKS MlsB, which governs the in-
sertion of the last polyketide extension unit to provide carbons
C1’ and C2’ of the side chain. For the bulk of this module,


there were no significant amino acid-sequence differences
between the two strains (overall DNA sequence identity
>99.3 %). However, the acyltransferase domain AT7 showed
highly significant differences, as shown in Figure 2. The se-
quence of AT7 from MU98912 is identical to a typical methyl-
malonyl-CoA-specific AT domain from elsewhere in the myco-
lactone PKS, such as the extension module 6 of MlsB,[12] and
differs markedly over much of its length from the sequence of
the (malonyl-CoA-specific) AT7 of MUAgy99. In particular, the
sequence motifs highlighted are all highly diagnostic of differ-
ences between substrate specificity for methylmalonyl- or
malonyl-CoA.[15–18]


It has been recently demonstrated that the substrate specif-
icity of an acyltransferase domain in a modular PKS can be
widened to accommodate both methylmalonyl-CoA and ma-


Figure 1. The MS/MS spectra of mycolactone precursor ions (from top to bottom) at m/z = 765 (MUAgy99) and at m/z = 779, 777 and 761 (MU98912).
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lonyl-CoA by the specific alteration of very few key active-site
residues.[16–18] Figure 3 illustrates the fact that AT domains in
the mycolactone PKS that are specific for malonyl- or methyl-
malonyl-CoA show much more deep-seated differences and
are only mutually identical in sequence at their N and (particu-


larly) C termini. There is thus an
apparent replacement of a large
portion of the side chain PKS
module 7 AT domain in one
M. ulcerans strain compared to
the other. The evolutionary path-
way by which these changes oc-
curred remains obscure, but the
discovery of this natural differ-
ence is prefigured by the strat-
egy of AT “domain swapping”,
which has been widely used to
switch the chemical specificity of
modular PKSs.[19, 20] Whatever nat-
ural mechanisms are at work,
the additional heterogeneity of
mycolactones revealed in this
study suggests that mycolac-
tone-related metabolites from
various M. ulcerans strains might
form a much larger structural
family than first appreciated. It
remains to be explored whether
this structural variation influen-
ces the biological properties of
the mycolactone products.


Experimental Section


Microbiological methods : The
two clinical isolates of M. ulcerans
used in this study, MUAgy99 and
MU98912, were obtained from pa-


tients in Ghana and China, respectively.[21] MU98912 was kindly
provided by F. Portaels. All necessary permissions have been ob-
tained for the distribution of these strains. The growth of strains
and the preparation of cell extracts were performed as previously
described.[10] For DNA sequence analysis, the DNA-encoding
module 7 of the PKS MlsB was PCR-amplified from each strain by
using genomic DNA as template with the forward primer ALLKS-
CTERM-F 5’-CCTCATCCTCCAACAACC-3’ (corresponding to the C-ter-
minal end of the KS7 domain of MlsB) and the reverse primer
MLSB-intTE-R 5’-GCTCAACCTCGTTTTCCCCATAC-3’ (corresponding
to a position just downstream of the mlsB stop codon as shown in
Figure 2). A 5 kbp product was obtained in both cases and was
fully sequenced on both strands by primer walking. The DNA se-
quence obtained from MU98912 has been deposited in Genbank
under the accession No. AY743331.


LC-MS analysis: LC-MS and LC-MS/MS analyses were carried out
on a Finnigan LCQ instrument, essentially as previously de-
scribed.[10] Accurate-mass analyses were performed on an API
QSTAR pulsar (Applied Biosystems). Deuterium-exchange experi-
ments were carried out as previously described.[10]
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Malaria is one of the 'major parasitic diseases in many tropical
and subtropical regions, causing more than one million deaths
(principally among young African children) out of 600 million
clinical cases each year. Today approximately 40 % of the
world’s population live in areas where they are at risk of malar-
ia infection.[1] During recent years, the situation has worsened,
as malaria is undergoing a resurgence. One of the main obsta-
cles to malaria control is the emergence and spread of strains
of Plasmodium falciparum resistant to all first-line therapies (i.e.
drugs belonging to either the quinoline or the antifolate
groups).


Currently, in the absence of an effective malaria vaccine,[2]


two approaches should be followed to deal with the spread of


drug resistance in P. falciparum : i) the optimisation and ration-
alisation of the use of existing antimalarials by their administra-
tion in combination;[3] ii) the development of effective, easy-to-
use and affordable new antimalarial drugs.[4]


Peters et al.[5] were the first to show that the bi-therapy
strategy could be applied to the treatment of malaria, and that
a judicious combination of antimalarial drugs could delay the
selection of resistant mutants in vitro. However, all earlier ex-
amples of combination therapy in malaria failed to prevent the
emergence of resistant strains of parasites.[3a] These failures
were attributed either to the drugs used having similar mode
of action or to resistance already having been developed to
them. Thankfully, the appearance of a new class of drugs, arte-
misinin derivatives, in the “therapeutic arsenal” against malar-
ia[6] allows new possibilities of combination therapy. Indeed,
not only are artemisinin and its derivatives the fastest-acting
antimalarials, but their tolerance and safety have been amply
reported and their mode of action is unrelated to that of any
other antimalarials.[7] To date, they remain the only class of
drug to which P. falciparum has not become resistant in
vivo.[6, 8] However, because of their short in vivo half lives, their
use as a mono-therapy has led to an high rate of recrudescent
parasitemia after a short treatment. The underlying science
behind the therapeutic effectiveness of artemisinin-based com-
bination therapy (ACT) is that the artemisinin derivative, due
to its gametocytocidal effect, rapidly kills most of the parasites ;
those that remain are then killed by a high concentration of
the longer half-life partner drug. In this way, the probability
that mutant parasites survive and emerge from these two
drugs is very low.[9]


Since April 2001,[8] the World Health Organization has
strongly recommended the use of ACT for the treatment of
malaria in countries where there is resistance to conventional
drugs, despite the fact that problems of adherence to nonfixed
combinations and their rational use, particularly in the home,
remain their major drawback. To date, amongst the recom-
mended ACTs (artemether + lumefantrine, artesunate + amo-
diaquine, sulfadoxine–pyrimethamine or mefloquine), only the
first is currently available as a fixed combination produced to
Standards of Good Manufacturing Practice (COARTEM).[10] In
fact, the combination most prescribed in areas of highest para-
site resistance is artesunate + mefloquine.[11] Various studies
conducted in south-east Asia highlighted the remarkable
double effect of this last combination: a reduction of transmis-
sion from the host to the vector and the mutual protection of
the drugs against resistance.[12]


In our program devoted to the synthesis of new antimalarial
fluorinated artemisinin derivatives,[13] we have already shown
that 10-trifluoromethyl artemisinin derivatives (CF3-artemisinin
derivatives)[13b] are more active and metabolically more stable
than artesunate or artemether. We then continued our studies
by designing a molecular hybrid in which the two active princi-
ples, one fluorinated artemisinin derivative and the meflo-
quine, are covalently bound. We expected that this new
“double-drug” or dual molecule would reduce the risk of drug
resistance by the mutual protection of each moiety and would
be easy to use. This “covalent bi-therapy” approach seems to
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be promising for the treatment of malaria, as demonstrated
with the recent reports of the development of trioxaquine, a
chimeric molecule of a synthetic endoperoxide and the chloro-
quine,[14] and of primaquine-statine based derivatives.[15]


Taking advantage of the easy preparation of 16-functional-
ized CF3-artemisinin derivatives,[13b, 16] we planned to synthe-
sized two types of CF3-artemisinin–mefloquine dual derivatives.
In the first case, the artemisinin moiety is linked to the meflo-
quine by a covalent, indivisible bond. The 4-quinolinemethanol
structure will be retained because the alcohol function is indis-
pensable for antimalarial activity.[17] In the second case, the ar-
temisinin derivative and the mefloquine are bound via a di-
ester linker, which should be easily hydrolysed by esterase(s)
to allow the liberation in vivo of both active drugs. We now
report the synthesis and the first biological data regarding
these two CF3-artemisinin–mefloquine derivatives.


The synthesis of the indivisible chimera 2 was based on the
nucleophilic substitution of the 10-CF3 allylic bromide 1[16] by
the mefloquine in presence of Et3N (Scheme 1). As we had pre-
viously noticed,[13b, 16] under these conditions, the alcohol func-
tions are unreactive, and competitive substitution by the hy-
droxyl group was thus excluded. After 4 days at room temper-
ature, 90 % of the starting materials were converted into chi-
mera 2 (reaction monitored by 19F NMR), which was then iso-
lated in 61 % yield.


The preparation of the divisible chimera 7 involved an esteri-
fication reaction between the acid 4 and the hydroxyether ar-
temisinin derivative 5, the antimalarial activity of which has al-
ready been proved.[13b] The piperidinyl amine of the meflo-


quine was first protected with a Boc group, and the linker was
then introduced by treatment of the N-Boc mefloquine with
succinic anhydride and Et3N in refluxing chloroform
(Scheme 2). Esterification of the resulting acid 4 with the hy-
droxyether artemisinin derivative 5,[13b] by using dicyclohexyl
carbodiimide (DCC) in presence of a catalytic amount of 3,4-di-
methylamino pyridine (DMAP), afforded the protected chimera
6. Finally, deprotection of the piperidinyl amine with trifluoro-
acetic acid (TFA) led to the divisible chimera 7, which was iso-
lated in 57 % yield (Scheme 2). During the course of this reac-
tion, another minor product, 8, was formed and isolated in
25 % yield. Despite the complexity of the 1H and 13C NMR spec-
tra of 8, an observed deshielded signal for one of the carbonyl
functions (dCO = 172.0 and 173.0 ppm, instead of 171.4 and
172.0 ppm for the diester 7) prompted us to postulate that 8
could be an amidoester, the product of the intramolecular re-
arrangement of 7 under acidic conditions. The structure of 8
was confirmed by comparison of its NMR data with those of a
simplified amidoester model 11 (dCO = 172.0 and 173.8 ppm),
prepared by an unambiguous route (Scheme 3).


Chimeras 2 and 7 were tested in vitro against four strains of
P. falciparum that showed differ-
ent degrees of resistance to me-
floquine (F32>Thai>FcB1>K1,
F32 being the most resistant) or
chloroquine (K1>FcB1>F32>
Thai, K1 being the most resist-
ant). The inhibition concentra-
tions able to reduce the parasi-
temia by 50 % within 48 h (IC50)
were determined as described
by Desjardins et al.[18] The sus-Scheme 1. Preparation of the indivisible chimera 2. Reagents and conditions : a) Et3N (1 equiv), THF, RT, 4 days (61 %).
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ceptibility of these strains to mefloquine, chloroquine and arte-
mether is indicated in Table 1. Compounds 2 and 7 were
highly active against all strains in the low nanomolar range
(IC50 values ranging from 2.4 to 17.2 nm). No significant differ-
ence of sensitivity to chimera 2 was observed between the dif-
ferent strains; this indicated the absence of cross-resistance
with chloroquine and mefloquine. However, chimera 2 is
slightly less efficient at inhibiting parasite growth than arte-
mether alone and than the chimera 7. In contrast, a slight dif-
ference of sensitivity was observed for the divisible chimera 7
between the different strains (IC50 in a ratio from 1 to 3). This


difference of sensitivity to chimera 7 correlates with the differ-
ence in sensitivity between each strain to mefloquine and sug-
gests: i) an efflux of the chimera 7 from the parasite. Poly-
morphisms in Pfmdr1, the gene encoding the P-glycoprotein
homologue 1 (Pgh1) protein, have been implicated in resist-
ance to mefloquine and act as an efflux pump;[19] or ii) an hy-
drolysis of the divisible chimera 7 by esterase(s) and an afflux
of the mefloquine moiety from the parasite. For the former hy-
pothesis, the better efficiency of the chimera 7 compared to
mefloquine to inhibit the growth of mefloquine-resistant
strains might result mainly from the activity of the CF3-artemi-
sinin moiety.


The potentials of the indivisible chimera 2 and of the divisi-
ble chimera 7 as antimalarial drugs were then confirmed in
vivo in mice according to Peters’ protocol.[20] Both chimeras 2
and 7 and the CF3-artemisinin derivative 5,[13b] precursor of the
divisible chimera, were studied in vivo in groups of five mice


Scheme 2. Preparation of the divisible chimera 7. Reagents and conditions : a) Boc2O (1.5 equiv), Et3N (2.5 equiv), THF, 0 8C, 2 h (98 %); b) succinic anhydride
(4 equiv), Et3N (2.5 equiv), CHCl3, reflux, 18 h (75 %); c) DCC (1.1 equiv), DMAP (0.1 equiv), 0 8C to RT, 24 h (71 %); d) TFA (4 equiv), CH2Cl2, RT, 24 h (7: 57 %, 8 : 25 %).


Scheme 3. Preparation of model 11, a simplified analogue of 8. Reagents and
conditions: a) TMSCl (2 equiv), Et3N (3 equiv), THF, 0 8C to RT, 18 h (90 %);
b) methyl 4-chloro 4-oxobutyrate (2 equiv), pyridine (4 equiv), CH2Cl2, 0 8C to
RT, 3 h (81 %); c) Bu4NF·3 H2O (1.1 equiv), THF, RT, 24 h (76 %).


Table 1. In vitro antiplasmodial activity against four different strains of
P. falciparum (IC50 values are the mean�S.D. of three independent experi-
ments).


P. falciparum IC50 [nm]
strain F32 Thai FcB1 K1


mefloquine 23.2�2.3 15.5�1.1 12.7�1.5 2.8�0.5
artemether 2.2�0.3 2.3�0.1 3.0�0.8 1.5�0.2
chloroquine 19�4 14.3�2.4 105�16 183�35
CF3-artemisinin – – 3.7�0.5 –
derivative 5[13b]


indivisible 15.7�1.1 12.7�3.9 17.2�1.5 10.6�0.2
chimera 2
divisible 6.6�2.0 4.5�0.5 5.4�1.7 2.4�0.4
chimera 7
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infected with the murine Plasmodium berghei strain NK173 (in-
traperitoneal administration, at a dose of 35.5 mmol kg�1, strain
nonresistant to mefloquine; Figure 1). At this concentration,


both chimeras 2 and 7 were more efficient in controlling the
parasitemia than the reference drug, artemether. During treat-
ment with the indivisible chimera 2, the parasitemia increased
less rapidly than after treatment with artemether (at day 5, chi-
mera 2 was already five times more efficient at inhibiting para-
site growth than artemether), and after the 13th day the para-
sitemia was controlled by mice and decreased. Remarkably, the
divisible chimera 7 was highly effective against the parasite
growth and was much more efficient than its precursor CF3-ar-
temisinin derivative 5.[13b] Only a very slight parasitemia (<1 %)
could be detected between days 9 and 13. This result strength-
ens our hypothesis of hydrolysis in vivo of the diester linker of
the divisible chimera 7 to liberate both 5 and mefloquine. As
in ACT,[9] the parasites remaining after their exposure to the
CF3-artemisinin 5, would be killed by the mefloquine.


We have designed and synthesised two new types of CF3-ar-
temisinin–mefloquine dual molecules. In the first case, the indi-
visible chimera 2, the CF3-artemisinin moiety was covalently
linked to the piperidinyl amine of the mefloquine. In the
second case, the divisible chimera 7, the CF3-artemisinin deriv-
ative was bound to the mefloquine via a diester linker, which
was expected to be easily hydrolysed in vivo. In vitro, com-
pounds 2 and 7 showed an efficacy against the four different
strains of Plasmodium falciparum, which exhibited different de-
grees of resistance to mefloquine and chloroquine in the low
nanomolar range (IC50 values ranging from 2.4 to 17.2 nm). In
vivo, both chimera 7 and, to a lesser extent, chimera 2 were
highly active, more efficient in inhibition of parasite growth
than the reference drug, artemether. Moreover, these prelimi-
nary in vitro and in vivo biological results support the hypoth-
esis we followed to design these dual antimalarial molecules,
and are encouraging for the application of this approach to
new compounds.


Experimental Section


In vivo and in vitro assays as well as experimental details about
the preparation and spectroscopic characterisation of all new com-
pounds (2–4, 6–11) are described in the Supporting Information.
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Heme Alkylation by Artesunic Acid and
Trioxaquine DU1301, Two Antimalarial
Trioxanes
Sophie A.-L. Laurent, Christophe Loup, Sophie Mourgues, Anne Robert,* and
Bernard Meunier*[a]


Introduction


Artemisinin is an antimalarial drug, extracted from Artemisia
annua, that is effective against multidrug-resistant Plasmodium
falciparum strains.[1] This sesquiterpene exhibits a 1,2,4-triox-


ane, and the endoperoxide function plays a key role in its bio-
logical activity. However, artemisinin is poorly soluble in both
water and oil, which are commonly used as vehicles for drug
administration. For this reason, hemisynthetic derivatives ob-
tained by reduction and functionalization of the lactone func-
tion of artemisinin are usually preferred. These compounds
have been used for more than 20 years without any serious
side effects or reported cases of resistance.[1a] Among them, ar-
tesunic acid, which is the hemiester of succinic acid and dihy-
droartemisinin (or its sodium salt, artesunate), is actually the
most widely used.[1b]


The reductive activation of the peroxide function of artemisi-
nin by iron(ii)-heme produces heme derivatives that are alky-
lated at meso positions by a C-centered radical derived from
artemisinin. The resulting heme–artemisinin covalent adducts
have recently been characterized,[2] and the alkylating ability of
artemisinin toward heme or parasite proteins might be related
to its parasiticidal activity.[3]


Recently, we designed new antimalarial drugs named trioxa-
quines. These modular hybrid molecules contain two pharma-
cologically active moieties, a trioxane (as in artemisinin) and a
4-aminoquinoline (as in chloroquine), a motif known to effi-
ciently accumulate within the parasites.[4]


We therefore checked if the alkylating ability of antimalarial
trioxane-based drugs toward heme is a general feature, spe-
cially i) with the clinically relevant derivative artesunic acid and
ii) with one drug of the trioxaquine family, DU1301, that is
active against Plasmodium falciparum in vitro and in vivo.


Here, we report that both drugs, artesunic acid and the tri-
oxaquine DU1301, were able to efficiently alkylate the heme
macrocycle after activation of their peroxide function by the
iron(ii) of heme itself and thus give rise in high yield to cova-
lently coupled heme–drug products, which have been charac-
terized.


Results and Discussion


Alkylation of heme by artesunic acid


In the presence of artesunic acid, iron(ii)-heme, generated in
situ by a reducing agent, was quickly converted in high yield
into heme–artesunic acid covalent adducts Fe-2, resulting from
the alkylation of porphyrin meso-positions by a drug-derived
alkyl radical centered at C4 (Scheme 1). The reaction was moni-


[a] S. A.-L. Laurent, C. Loup, S. Mourgues, Dr. A. Robert, Dr. B. Meunier
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The sesquiterpene Artemisinin, an antimalarial drug that is effec-
tive against multidrug-resistant Plasmodium falciparum strains,
contains a 1,2,4-trioxane, and the endoperoxide function plays a
key role in its biological activity. However, its poor solubility
means that hemisynthetic derivatives, such as artesunic acid, are
preferred for drugs.
The reductive activation of the peroxide function of artemisinin
by iron(ii)-heme produces heme derivatives that are alkylated at
meso positions by a C-centered radical derived from artemisinin.
We checked if the alkylating ability of trioxane-based drugs


toward heme, which might be related to its parasiticidal activity,
is a general feature by comparing the chemical reactivity toward
heme of the clinically relevant derivative artesunic acid and
DU1301, a drug of the trioxaquine family, that is active against
P. falciparum. Both artesunic acid and trioxaquine DU1301 effi-
ciently alkylated the heme macrocycle after activation of their
peroxide function by the iron(ii) of heme itself and thus gave rise
to covalently coupled heme–drug products. This heme–drug
adduct formation might be related to the high antimalarial
activity of DU1301.
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tored by HPLC. In 40 minutes of reaction at room temperature,
96 % of heme (lmax = 398 nm) was converted to heme-alkylated
derivatives (three different peaks, lmax = 416 nm). These com-
pounds were identified by their molecular peaks in ES�-MS
at m/z = 998.7 corresponding to [M�2 H]� . However, these
heme–artesunic acid covalent adducts are more fragile that
those resulting from the reaction of heme with artemisinin.[2]


Consequently, the cleavage of the 6-membered C12-C10-C8a
ring gave rise to the adduct Fe-3, bearing two aldehyde func-
tions as a minor product (15 %).


Strongly acidic conditions are needed for the demetalation
of the porphyrin moiety. Consequently, this step provided the
demetalated H2PPIX–artesunic acid adduct 3 as the main prod-
uct (Scheme 1). Compound 3 was detected in positive electro-
spray mass spectrometry (m/z = 787.6, [M+H]+). However, a
significant amount of ligand 2, with an intact C12-C10-C8a
cycle, was still present (32 %), as evidenced by the signal at
m/z = 829.6, which corresponded to [M�succinic acid+H]+ .
The purification of these heme–artesunic acid adducts was dif-
ficult due to their poor solubility in organic solvents. In order
to get a complete characterization, we therefore functionalized


Scheme 1. Alkylation of heme by artesunic acid. Alkylation occurred at four meso positions, only alkylation at the b position is depicted. The oval stands for the
protoporphyrin-IX macrocycle, R = -(CH2)2-COOH, and Ar = 2,4-NO2-C6H3-.
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the aldehyde and acid functions of compound 3 in several
ways, namely i) treatment of the aldehydes with a phenylhy-
drazine derivative to get the bis-phenylhydrazone 4, ii) esterifi-
cation of the propionic side chains of the porphyrin and pro-
tection of the aldehydes by linear or cyclic acetals giving rise
to 5 and 6, respectively (Scheme 1).


The bis-dinitrophenylhydrazone derivative 4 was obtained in
the presence of ethanol and sulfuric acid. Esterification of the
propionate residues of the protoporphyrin-IX (PPIX) moiety
then occurred, along with formation of the hydrazones. Com-
pound 4 was characterized by ES+-MS analysis : peaks were de-
tected at m/z = 1147.4, 1175.4, and 1203.8, which corresponded
to 4 with no, one, or two ethyl ester functions, respectively.
The poor solubility of these compounds did not allow NMR
analysis.


The reaction of 3 with triethyl orthoformate provided deriva-
tive 5, which has two diethyl acetal functions at C10 and C12,
and two ethyl esters on the propionate groups of the PPIX res-
idue. Compound 5 has been characterized by 1H NMR and is
actually a mixture of four regioisomers due to the alkylation of
the four meso carbons of the porphyrin macrocycle. The reso-
nance of meso protons appeared as twelve peaks between
10.2 and 9.8 ppm, three for each of the four regioisomers. The
complex patterns of vinyl protons confirmed the presence of
regioisomers. The resonance of H2C4, evidence of the covalent
coupling between the heme and drug moieties, was detected
at 5.45–5.00 ppm, along with the resonance of protons H10
and H12. As expected, compound 5 was not very stable under
acidic conditions (for instance, in four days in solution in
CDCl3) and returned to the dialdehyde at C10 and C12 along
with protonation of the intracyclic NH of the porphyrin.


The PPIX–artesunic acid covalent adduct 6, with two ethyl-
ene acetals, at C10 and C12, and concomitant esterification of
propionates was also obtained and characterized by ES-MS.


Alkylation of heme by trioxaquine DU1301


By treatment of trioxaquine DU1301 (6, Scheme 2) with heme
or heme dimethyl ester in the presence of a reducing agent
(ascorbic acid or 2,3-dimethylhydroquinone), a reductive acti-
vation of the peroxide occurred, as observed with artemisinin
derivatives. After 30 min, HPLC analysis indicated that 60 % of
starting heme was converted to heme–drug adducts. This reac-
tion produced two different alkoxy radicals, either on O2
(route a, Scheme 2) or on O1 (route b). The subsequent homo-
lytic cleavage of an adjacent C�C bond can give rise to differ-
ent alkyl radicals, namely 7 from route a, and 8, 9, and 10
from route b. Alkylation of meso carbons of heme by a trioxa-
quine-derived radical provided a covalent adduct heme–trioxa-
quine with retention of the complete structure of trioxaquine,
identified by ES+-MS at m/z = 1101.8 [M+H]+ . In principle,
three structures can be proposed for this adduct: Fe-11, Fe-14,
and Fe-15, formed by alkylation of heme by the radicals 7, 8
and 9, respectively. These three compounds have the same
mass, corresponding to M(heme)+M(trioxaquine)�H. Adduct
Fe-12 was also detected [m/z = 949.6 [M]+)] . This compound
may be formed from Fe-11 by protonation of O4 and loss of


the cyclohexene ring in the mass spectrometer. Consequently,
the more probable structure for the main heme–trioxaquine
adduct is Fe-11 (yield ca. 50 % with respect to heme). Further-
more, both Fe-14 and Fe-15 have a hemiacetal structure at C3,
which is supposed to be less stable than Fe-11, and no frag-
ment coming from the putative Fe-14 or Fe-15 could be char-
acterized. The yield of the alkylation reaction by HPLC was
50–60 %.


In addition, Fe-13 (m/z = 630.4 [M]+ ; Scheme 2) was identi-
fied as a minor product (<10 % with respect to starting heme).
The cleavage of the C10�C11 bond of the alkoxy radical on O1
produced a methyl radical 10, which alkylated heme to yield
Fe-13. This adduct was confirmed by detection, after demetala-
tion of the heme–trioxaquine pool of adducts, of the meso-me-
thylated protoporphyrin-IX derivative 13 (m/z = 577 [M+H]+).


It should be noted that when heme reacted with an artemi-
sinin derivative, its alkylation by a drug radical arising from the
alkoxy radical on O1 has never been characterized. The ab-
sence of formation of an O1-radical in the heme activation of
artemisinin derivatives should be attributed to a preferred in-
teraction between heme and artemisinin derivatives, rather
than to a particular intrinsic reactivity of trioxane entities.


The demetalation of the heme–trioxaquine covalent adducts
yielded 12 as the main compound (Scheme 2). In fact, the co-
valent adduct Fe-11, containing the complete heme and trioxa-
quine moieties, was fragile under the strongly acidic demetala-
tion conditions. The ester function was therefore hydrolyzed,
and the a-terpinene-derived cyclohexene C5-C8-C10 cycle was
lost, giving rise to compound 12 [m/z = 896.5 [M+H]+] .


This covalent adduct 12 was poorly soluble due to strong
stacking interactions between the heme and aminoquinoline
entities, and was difficult to purify for a complete characteriza-
tion by NMR. We therefore repeated the alkylation reaction
using the dimethyl ester of heme instead of heme itself
(Scheme 3).[2c] In this case, the major covalent adduct 16, re-
sulting from the alkylation of the meso positions of the proto-
porphyrin-IX dimethyl ester by a trioxaquine derived alkyl radi-
cal, was characterized by 1H NMR. The use of deuterated pyri-
dine as solvent and heating to 353 K were necessary to avoid
the stacking of the porphyrin and the quinoline cycles that
considerably broaden the signals in other solvents. The meso-H
resonances appeared at 10.2–10.6 ppm as a pattern of three
sets of three singlets each when the spectrum was recorded at
293–323 K (total integral consistent with three protons). This
clearly indicates the presence of three regioisomers of 16
(ratio: 50:30:20). As in the case of the alkylation of heme by
artemisinin, there was no clear selectivity in the alkylation of
the meso positions. The intracyclic NHs were detected at
�2.96 ppm. One vinyl system was clearly identified at 6.48 (Ha),
6.23 (Hb), and 8.45 ppm (Hc). The other one was broad and
partly overlapped with quinoline. The protons of the quinoline
were detected at 7.70 ppm (H8’), 7.0–7.4 (H2’, H3’, H5’, and
H6’), and 5.70 (HN-C4’). The covalent coupling between the tri-
oxaquine and heme moieties was supported by the resonance
of H2C15 at 5.25 and 5.36 ppm.
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Conclusion


Trioxaquines with a 1,2,4-trioxane cycle have been designed in
order to mimic the alkylating ability of artemisinin, which
might be related to its biological activity. We therefore com-
pared the chemical reactivity toward heme of artesunic acid, a
widely used derivative of artemisinin, and the reactivity of a
trioxaquine, DU1301, that is highly active against Plasmodium
in vitro and in vivo.


Both artesunic acid and trioxaquine DU1301 were able to ef-
ficiently alkylate the heme macrocycle, after activation of their
peroxide function by the iron(ii) of heme, and give rise to co-
valent heme–drug adducts. In the case of artesunic acid, acti-
vation of the peroxide produced an alkoxy radical at O2 that,
after isomerization into the primary alkyl radical 7, reacted
with heme. As previously reported for artemisinin in the pres-
ence of heme, no product arising from a putative radical on
O1 was evidenced. However, in the case of DU1301, the two
different routes produced alkoxy radicals either at O1 or at O2,


giving rise to the different heme–trioxaquine covalent adducts
Fe-11 and Fe-13. This heme–drug adduct formation might be
related to the high antimalarial activity of DU1301.


Experimental Section


Material and methods : NMR spectra were recorded on Brucker
spectrometers at 250 and 500 MHz (1H). Chemical shifts are given
with respect to external TMS. LC-MS analyses and ES mass spectra
were acquired on a API 365 Sciex Perkin–Elmer instrument. Chro-
matography columns were performed on silica gel 60 ACC Chro-
magel, 70–230 mm granulometry. Artesunic acid was a gift from
Sanofi–Aventis, Gentilly, France.


HPLC conditions for the heme–artesunic acid adducts : The alkylation
of heme was monitored on a 10 mm C18 Nucleosil column. The
eluent solution was methanol/water/acetic acid (6.6:3.3:1), elution
rate: 0.6 mL min�1. Detection was at 406 nm. Retention times:
13.3 min (heme), 16.3, 19.9, 22.2 min (adducts).


Scheme 2. Alkylation of heme by trioxaquine DU1301. Alkylation occurred at four meso positions, only alkylation at the b position is depicted. The structures in
square brackets have not been characterized.
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HPLC conditions for the heme–trioxaquine adducts : The alkylation of
heme and heme dimethyl ester by trioxaquine was monitored on a
10 mm C18 nucleosil column. The eluants solutions were A: metha-
nol/water/trifluoroacetic acid (70:30:0.1) and B: methanol/trifluoro-
acetic acid 100:0.1. The elution was a linear gradient from A/B =
100:0 to A/B = 0:100 over 25 min, followed by 10 min at A/B =
0:100. The flow rate was 1 mL min�1. A diode-array detector was
used for detection of the products and monitoring of UV/Vis spec-
tra. Only the products that retain the quinoline nucleus (lmax =
350 nm) and porphyrin moiety (lmax = 400 nm), with e400/e350 =
2.6�0.2, were considered. Retention times: 10.6 min (heme), 11.5–
19.0 min (heme-trioxaquine adducts).


HPLC conditions for the (protoporphyrin-IX)–trioxaquine adducts : The
analytical conditions were the same as described above for the
metalated heme–trioxaquine adducts. The (protoporphyrin-IX)–
trioxaquine adducts were characterized by e410/e350 = 3.3�0.2 and
retention times of 6.1, 8.5, 16.5, 17.7 min (H2PPIX–trioxaquine
adducts), 19.4 min (H2PPIX).


HPLC conditions for the heme dimethyl ester–trioxaquine adducts :
The analytical conditions were as described above for the heme–
trioxaquine adducts. Retention times: 13.0 min (heme-DME), 14.5–
18.0 min (heme-DME–trioxaquine adducts).


HPLC conditions for the protoporphyrin-IX dimethyl ester–trioxaquine
adducts : The analytic conditions were the same as described above
for the heme-trioxaquine adducts. Retention time: 21.0, 22.3 min
[(H2PPIX-DME)-trioxaquine adducts] , 27.2 min (H2PPIX-DME).


LC-MS conditions for the heme–trioxaquine adducts, the heme-di-
methyl ester–trioxaquine adducts, and the protoporphyrin-IX–trioxa-
quine adducts : The LC conditions were as described above for the
heme–trioxaquine adducts, except that the trifluoroacetic acid
concentration in the eluent was 0.01 %, and the flow rate was
0.5 mL min�1. MS detection was in ES+ mode.


Heme-artesunic acid adducts : FeIII(PPIX)Cl (hemin, 65 mg,
100 mmol) and artesunic acid (38 mg, 100 mmol) were dissolved in
DMSO (3.5 mL). A solution of sodium dithionite (85 wt %, 17.4 mg,
100 mmol) in water (0.4 mL) was added. The reaction was moni-
tored by HPLC. After 40 min at room temperature, the reaction
mixture was precipitated by addition of water. The precipitate was
filtered, washed with water, dissolved in acetone, and dried under
vacuum. Yield: 92 % of a mixture of Fe-2 and Fe-3, containing 4 %
of heme. UV/Vis (DMSO): lmax (e) = 416 nm (60 � 103 L mol�1 cm�1) ;
ES�-MS: m/z (%): 998.7 (100) [M�2 H]� for Fe-2, 838.8 (15)
[M�2 H]� for Fe-3


Demetalation of heme–artesunic acid adducts : A mixture of ad-
ducts Fe-2 + Fe-3 (100 mmol) was dissolved in glacial acetic acid
(83 mL). A mixture of ferrous sulfate (380 mg, 2.5 mmol) and 12 m


hydrochloric acid (2.5 mL) was then added. After 5 min, water
(200 mL) was added, and the demetalated adducts 2 + 3 were
extracted with ethyl acetate (4 � 75 mL). The organic phase was
washed with water, dried over sodium sulfate, and concentrated.
The product was precipitated by addition of hexane. Yield 85 %;
UV/Vis (ethyl acetate): lmax (e) = 426 (100), 570 nm (7); ES+-MS: m/z
(%): 787.6 (100) [M+H]+ for 3, 809.7 (48) [M�H+Na]+ for 3, 829.6
(71) [M+H�succinic acid]+ for 2.


Derivatization of heme–artesunic acid adductsi) Dinitrophenylhy-
drazone 4 : Compound 3 (42 mmol) was dissolved in 95 % ethanol
(0.8 mL). A solution of 2,4-dinitrophenylhydrazine (84 mmol) in con-
centrated H2SO4/water/95 % ethanol (1:1:3, v/v/v, 0.5 mL) was then
added. After 20 min at room temperature, the mixture was cooled
to 0 8C and diluted with 1 m H2SO4 (3 mL). The precipitate of bis-di-
nitrophenylhydrazone 4 was centrifuged, washed with water, and
dried under vacuum. UV/Vis (acetone): lmax (e): 362 (49), 426 (100),
570 nm (7); ES+-MS: m/z (%): 1147.4 (R1 = R2 = H, [M+H]+), 1175.4
(R1 = H, R2 = Et, [M+H]+), 1203.8 (R1 = R2 = Et, [M+H]+).


ii) Diethyl acetal 5 : Compound 3 (42 mmol) was dissolved in abso-
lute ethanol (1.2 mL). Under argon, triethylorthoformate (84 mmol)
and HCl (0.15 mL, 5 m in propan-2-ol) were added. After 24 h at
room temperature, adducts 5 were precipitated by addition of
water. The precipitate was centrifuged, washed with water, dried
under vacuum, and purified by column chromatography: SiO2,
eluants: i) dichloromethane/methanol (98:2, v/v) ; ii) hexane/diethyl
ether (50:50, v/v). 1H NMR (250 MHz, CDCl3): d= 10.21–9.79 (3 H;
meso-H), 8.33–7.98 (2 H; vinyl-Hc), 6.36–5.89 (4 H; vinyl Ha and Hb),
5.45–5.00 (4 H; H2C4, H10 and H12), 4.35 (4 H; b-pyrrolic -CH2-), 4.17
(4 H; -COO-CH2-CH3, 4 H; -CH2-O-C10 or -CH2-O-C12), 3.74–3.56
(12 H; b-pyrrolic -CH3, 2 H; -CH2-O-C10 or -CH2-O-C12), 3.29–3.14
(4 H; -CH2-COOEt, 2 H; -CH2-O-C10 or -CH2-O-C12), 2.00–0.65 (CH2-
CH3, H2C5, H5a, H6, H3C-C6, H2C7, H2C8, H8a, H9, and H3C-C9),
�2.60 to �3.10 ppm (2 H; NH); ES+-MS: m/z : 917.5 ([M+H]+ for
-CHO at C10 or C12, and diethylacetal at C12 or C10), 871.5 ([M]+


for -CHO at C10 or C12, and -CH(=O+Et) at C12 or C10).


iii) Ethylene acetal 6 : Compound 3 (32 mmol) was dissolved in tri-
ethylorthoformate (0.5 mL). p-Toluene sulfonic acid (20 mmol) and
ethylene glycol (680 mmol) were then added. After 8 h at 80 8C,
water (10 mL) was added, and the solution was neutralized by
aqueous NaOH saturated with NaCl and extracted with dichloro-
methane (5 � 20 mL). The organic phase was washed with water,
dried over sodium sulfate, dried under vacuum, and purified by


Scheme 3. Alkylation of heme dimethyl ester by trioxaquine DU1301. NMR characterization of the covalent adduct 16. Alkylation occurred mainly at three meso
positions, only alkylation at the b position is depicted.
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column chromatography: SiO2, eluants: i) dichloromethane/metha-
nol (96:4, v/v) ; ii) hexane/diethyl ether (60:40, v/v). 1H NMR
(250 MHz, CDCl3): d= 10.23–9.78 (3 H; meso-H), 8.35–7.80 (2 H;
vinyl-Hc), 6.38–5.80 (4 H; vinyl Ha and Hb), 5.34–4.70 (4 H; H2C4, H10
and H12), 4.67, 4.50 and 4.37 (12 H; b-pyrrolic -CH2-, -CH2-O-C10,
and -CH2-O-C12), 3.85–3.50 (16 H; b-pyrrolic -CH3 and -COO-CH2-
CH3,), 3.30–3.05 (4 H; -CH2-COOEt), 2.00–0.7 (CH2-CH3, H2C5, H5a,
H6, H3C-C6, H2C7, H2C8, H8a, H9, and H3C-C9), �2.7 to �2.8 ppm
(2 H; NH); ES+-MS: m/z : 931.5 [M+H]+ .


Heme–trioxaquine adducts : FeIII(PPIX)Cl (hemin, 3.2 mg, 4,9 mmol),
l-ascorbic acid sodium salt (3 mg, 15 mmol, 3 equiv), and the di-
citrate salt of trioxaquine DU1301 6 (trans,cis-diastereoisomer,[4c]


5.1 mg, 5.9 mmol, 1.2 equiv) were dissolved in DMSO (500 mL). The
solution was stirred 30 min at 37 8C. HPLC monitoring indicated
60 % conversion of heme and 100 % conversion of trioxaquine. H2O
(4 mL) was added, and the mixture was separated in a centrifuge.
The precipitate was washed twice with water and dried under
vacuum. ES+-MS: m/z : 630.4 ([M]+ for Fe-13), 949.6 ([M]+ for Fe-
12), 1101.8 ([M]+ for Fe-11) ; LC-MS: retention time (m/z): 22.9 min
(616.4, heme, [M]+), 24–26 min (1101.4, Fe-11, [M]+ ; 475.2, Fe-12,
[M+H]2 +).


Demetalation for the heme–trioxaquine adducts : The crude
product was dissolved in pyridine (100 mL) under nitrogen, and the
solution was diluted with glacial acetic acid (5 mL). A suspension
of FeSO4 (20 mg, 131 mmol, 27 equiv) in hydrochloric acid (37 wt %,
400 mL) was added. The solution was stirred for 10 min at 40 8C,
then poured into water (20 mL). This acidic solution was neutral-
ized by addition of 1 m aqueous NaOH. The organic products were
extracted with dichloromethane. The organic layer was washed
with water, dried over sodium sulfate, and evaporated to dryness.
LC-MS: retention times (m/z): 24.3–25.3 min (577.4, 13, [M+H]+),
26–27 (896.5, 12, [M+H]+), 29.3 (563.3, H2PPIX, [M+H]+).


Heme dimethyl ester–trioxaquine adducts : Hemin dimethyl ester
(heme-DME, 40 mg, 59 mmol), trioxaquine DU1301 6 (trans,cis-dia-
stereoisomer,[4c] 34.3 mg, 70.5 mmol, 1.2 equiv), and 2,3-dimethylhy-
droquinone (81.5 mg, 590 mmol, 10 equiv) were dissolved in de-
gassed dichloromethane under nitrogen. This solution was stirred
for 30 min at room temperature and evaporated to dryness. HPLC
monitoring indicated 60 % conversion of heme-dimethyl ester and
100 % conversion of trioxaquine. The crude product was dissolved
in glacial acetic acid (30 mL) under nitrogen. A suspension of
FeSO4 (180 mg, 1.2 mmol, 17 equiv) in hydrochloric acid (37 wt %,
1.2 mL) was added. The solution was stirred for 10 min at room
temperature. Dichloromethane (100 mL) was then added under air.
The organic layer was washed with aqueous saturated NaCl (3 �
100 mL), aqueous sodium hydroxide (0.1 m, 2 � 100 mL), and water
(2 � 100 mL), dried over sodium sulfate, and evaporated to dryness.
The powder was separated by chromatography on silica gel.
H2PPIX-DME was first eluted with dichloromethane/ethanol (99:1,
v/v), compound 16 was then eluted with dichloromethane/metha-


nol/triethylamine (84:15:1, v/v/v). Further purification on a C18
column (CH3OH/H2O/HCOOH 73:18:9, v/v/v) afforded 16 with
purity higher than 85 % (HPLC). The yield of 16 from heme was
15 % (alkylation, demetalation, and purification steps). 1H NMR
(500 MHz, C5D5, 353 K): d= 10.53, 10.52, 10.47, 10.45, 10.38, 10.35,
10.26 (3 H; meso-H), 10.8 (1 H; -COOH), 8.45 (1 H; vinyl-Hc), 7.75
(1 H; vinyl-Hc), 7.70 (H8’), 7.4–7.0 (H2’, H3’, H5’, and H6’), 6.48 (1 H;
vinyl-Ha), 6.23 (1 H; vinyl-Hb), 5.97 (1 H; vinyl), 5.70 (1 H; HNC4’),
5.36–5.25 (2 H; H2C15), 4.58 (4 H; b-pyrrolic -CH2-), 3.8–3.5 (b-pyrrol-
ic -CH3, -CH2-COOCH3), 3.20 (H2C11’), 3.10 (H2C12’), 2.55 (HC17),
2.52 (H2C19), 2.40 (HNC12’), 2.30–1.60 (H2C16), 1.80 (H2C18),
�2.96 ppm (2 H; NH); LC-MS: retention times (m/z): 30–35 min
(924.7, 16, [M+H]+).
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Convenient Access Both to Highly Antimalaria-
Active 10-Arylaminoartemisinins, and to 10-
Alkyl Ethers Including Artemether, Arteether,
and Artelinate
Richard K. Haynes,*[a] Ho-Wai Chan,[a] Wing-Yan Ho,[a] Cliff Ki-Fung Ko,[a]


Lucia Gerena,[b] Dennis E. Kyle,[b] Wallace Peters,[c] and Brian L. Robinson[c]


Introduction


The search continues apace for new antimalarials based on
artemisinin, 1,[1, 2] but with the exception of artelinate (4 c),[3] no
“second generation” candidate has been identified, because


the challenges posed by efficacy, economics, and lack of neu-
rotoxicity cannot be met.[4] Unless the derivative possesses
chemical robustness, as reflected in a long half-life,[5] and high
efficacy coupled with low toxicity, its cost should be compara-
ble to that of artesunate (3) (US$ 1.7–2.0 for a box of 12 �
50 mg tablets),[6] the most widely used of the current artemisi-
nins. However, this does not apply to derivatives such as those
elegantly prepared by Avery and co-workers[2, 7, 8] required for
the evaluation of structure–activity relationships, and which
have provided a vital insight into the mechanism of action of
the artemisinins.[4, 9, 10]


Whilst semisyntheses of artemisinins from artemisinic (qing-
hao) acid[11–16] have been recorded, artemisinic acid is inaccessi-
ble, in spite of an assertion to the contrary.[16] This compound
is obtained by extraction from Artemisia annua,[17] and is con-
verted in two steps into artemisinin itself by a process devel-
oped independently by Roth and Acton[11] and by our-
selves.[12, 13] On the other hand, use of artemisinic acid to pre-
pare artemisinin derivatives can require up to eight steps,[18]


and cannot compete with syntheses from artemisinin itself.
Artemisinin is easily extracted from A. annua on an industrial


scale with hexanes or petroleum.[4] One crystallization of the
crude but highly crystalline artemisinin from 95 % ethanol suffi-
ces to provide pure material. Furthermore, the supply of arte-
misinin in a particular year is regulated by the need to predict
beforehand how much A. annua has to be planted, for exam-
ple in Vietnam, or harvested in the wild, for example in China,
and not by agricultural limitations.[19]


Artesunate is made in one step from dihydroartemisinin
(DHA, 2), which is available commercially by reduction of arte-
misinin.[20] Logically then, any plan to prepare new artemisinin
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An economical phase-transfer method is used to prepare 10-aryl-
aminoartemisinins from DHA and arylamines, and artemether,
arteether, and artelinate from the corresponding alcohols. In vivo
sc screens against Plasmodium berghei and P. yoelii in mice
reveal that the p-fluorophenylamino derivative 5 g is some 13


and 70 times, respectively, more active than artesunate; this re-
flects the very high sc activity of 10-alkylaminoartemisinins. How-
ever, through the po route, the compounds are less active than
the alkylaminoartemisinins, but still approximately equipotent
with artesunate.
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derivatives for the treatment of malaria would best employ ar-
temisinin or DHA as starting material.


As a hemi-ester, artesunate is intrinsically unstable, and is
rapidly hydrolyzed under physiological conditions to DHA.[21]


The other current derivatives—artemether (4 a) and arteether
(4 b)—are metabolized to DHA.[22] DHA is neurotoxic,[23] and
elicits neurotoxicity in standardized in vitro assays against neu-
ronal cell lines at levels corresponding to its in vitro activity
against P. falciparum.[24] Therefore, any plan to prepare new
artemisinin derivatives should be executed with the “MEAN”
paradigm[4] in mind, namely no phase I “metabolism” to DHA,
“economy” in production, favorable “adsorption”, and “no neu-
rotoxicity”. By depressing log P through attachment of polar
groups, which must also be inert to phase II metabolism,
uptake is enhanced, and, at the same time, neurotoxicity is
suppressed.[4, 25, 26] However, the groups must be judiciously
chosen so as to keep the economics in check.


Li and co-workers prepared 10-arylamino-artemisinins in-
cluding 5 a–5 e[27, 28] by treatment of DHA with arylamines in
the presence of pyridinium sulfate in pyridine. Antimalarial ac-
tivities were assessed in vivo against P. berghei K 173 in mice
through subcutaneous (sc) administration in peanut oil. As
part of a general drug-development program, we have pre-
pared 10-alkylaminoartemisinins,[29, 30] which are both more ac-
cessible and more active as antimalarials than derivatives con-
taining amino groups attached via a linker to C-10.[31–33] In
order to allow us to select a candidate to replace artesunate,
the most active of the current clinically used artemisinins, we
required 10-arylaminoartemisinins for direct comparison with
the 10-alkylaminoartemisinins. Moreover, arylaminoartemisi-
nins, which are structurally analogous to aryl glycosylamines,
should have acceptable stability at pH 4,[34] such as in the in-
testinal tract or in blood plasma, and thus hydrolysis to DHA
should not be as facile as that of artesunate 3.[21]


Because Li’s method for the
preparation of arylaminoartemi-
sinins restricts the solvent to
pyridine and the catalyst to the
conjugate acid, we have devel-
oped another method of intro-
ducing the arylamine, which is
also applicable to preparation of
C-10 ethers, including artemeth-
er, arteether, and artelinate.


Results and Discussion


Exploratory work


The 10-(p-biphenyl)amino derivative (5 f) was obtained in varia-
ble yields from DHA (2) and 4-aminobiphenyl in THF or THF/
water (1:1) in the presence of catalytic amounts of rare earth
triflates.[35, 36] The best yields (up to 29 %) were obtained with
Yb(OTf)3 in THF. The acid TfOH, corresponding to the lantha-
nide counter ion, or, better, p-TsOH could be used as catalysts,
although the yield was sensitive to the quantities used be-
cause of competing protonation of the 4-aminobiphenyl. TFA


and phosphoric acids also catalyzed the reaction, although car-
boxylic acids, such as acetic or benzoic acids, were ineffective.
The preliminary results are given in Table 1.


Glycosylamines are prepared from 18 and 28 amines and re-
ducing sugars by heating in protic solvents.[37] The reaction
proceeds through ring opening of the sugar to the aldehyde,
which is intercepted by the amine to provide an imine, and
closure to the glycosylamine. The structurally analogous DHA
was therefore heated with 4-aminobiphenyl in methanol. The
desired product 5 f was indeed obtained, albeit in 13 % yield
(Table 1). The reaction probably proceeds as indicated in
Scheme 1. The use of higher-boiling or more polar alcohols
(ethylene glycol) or aqueous alcohol solvents in the presence
of buffers, according to the Kochetkov method for preparation
of primary glycosylamines,[38] did not result in significant im-
provements in yield of the product.


Phase-transfer catalysis


As the best preliminary result was obtained with p-TsOH in
CH2Cl2/water (Table 1), formation of 5 f under biphasic condi-
tions was explored with different organic solvents in the pres-
ence of aqueous buffer (HCl/KCl) at various pHs with sodium
dodecyl sulfate as a cationic phase-transfer (PT) agent. The re-
sults are shown in Table 2. The best yield (64 %) was obtained
at pH 1.2 with CH2Cl2 as organic solvent (entry 3).


The PT agent is essential. As seen in Table 3, for reactions
with 0.05 m H2SO4 (pH~1.2), the yield of 5 f decreases drastical-
ly with reduction in the amount of agent.


Table 1. Effects of catalyst and solvents on reaction of DHA 2 (1 mmol)
with 4-aminobiphenyl (1.1 mmol) at 19 8C, 24 h.


acid amount solvent yield of
[mol %] (5 mL) 5 f [%]


1 Yb(OTf)3 10 THF 29
2 Yb(OTf)3 10 THF/H2O 10:1 8
3 p-TsOH·H2O 10 CH2Cl2/H2O 1:1 21
4 – – CH3OH[a] 13


[a] At reflux.


Scheme 1. Formation of the 10-arylamino derivative from DHA by ring opening and imine formation.
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The yield of 5 f was less than 25 % for reactions run with
0.05 m H2SO4 in CH2Cl2. However, this was markedly improved
when the reaction was run at 80 8C in toluene, an industrially
more desirable solvent (entry 3, Table 4). Addition of NaBr re-
sulted in slightly higher yields (entries 4 and 5). This was finally
improved to 74 % with dilute HBr (0.1 m) as the aqueous phase
(entry 6). Notably, the use of bromide in the biphasic system
with CH2Cl2 at room temperature, or use of chloride ion or
dilute HCl in the biphasic system with toluene was largely inef-
fective in enhancing yields.


Thus, bromide enhances the conversion of DHA into 5 f in
toluene. The proposed process is given in Scheme 2. The
sodium dodecyl sulfate[39] transfers H+ from the aqueous
phase to the organic phase for the protonation of DHA. The
protonated DHA reacts, probably though an SN1 reaction, with
Br� to give bromide 6,[40] which in turn reacts with the nucleo-
philic amine to give 5. The stereochemistry of the amino
group is always as depicted; no trace of the other amine
epimer or of products differing in configuration of the methyl


group at C-9 is observed. This stereochemical outcome is the
same as for the reactions of the bromide 6 with alkylamines.[30]


Glycal 7 is formed as a side product by the regeneration of
HBr in an acid-catalyzed elimination; this by-product is invaria-
bly observed in crude reaction mixtures. The protonated DHA
may also react with the amine nucleophile, or undergo elimi-
nation to the glycal, but these reactions must be slower than
the reactions involving formation of the bromide 6, and its
conversion into the arylamino derivative. Evidently in CH2Cl2,
activities of the putative intermediates—the protonated DHA
or the derived chloride—are optimal for nucleophilic displace-
ment, and consequently, the addition of bromide has no ob-
servable effect.


To conclude, the conversion of DHA into 10-arylamino-arte-
misinins is successful in a two-phase system of an organic sol-
vent and dilute aqueous mineral acid with a phase-transfer cat-
alyst. Bromide ions enhance the rate of conversion in toluene,
and dilute HBr is the most convenient source for this purpose.


Preparative aspects and scope


For preparative work, two procedures, A—sodium dodecyl sul-
fate (20 mol %), aqueous buffer pH 1.2, in CH2Cl2 (5.0 mL),
19 8C, 24 h—and B—sodium dodecyl sulfate (10 mol %), aque-
ous HBr (0.1 m, 5.0 mL), toluene, 80 8C, 4 h—were used to
prepare the arylaminoartemisinins 5 a–c and e–k (Table 5).


Oxygen nucleophiles also react, and artemether 4 a, arteether
4 b, artelinic acid 4 c, and the ethers 8[32] and 9[32] were also
prepared (entries 11–15).


Artemether and arteether are normally prepared from DHA
by treatment of anhydrous reaction mixtures with either HCl


or BF3 etherate.[41, 42] Of the two,
artemether is more often used,
mainly in a fixed-dose combina-
tion with lumifantrine.[43] Thus,
the phase-transfer method rep-
resents an easier method for
their preparation. Artelinic acid
has been prepared previously by
a more complicated route.[3, 44]


The phase-transfer method
cannot be applied to zwitterion-
ic amino acids, such as l-cys-


Table 2. Effect of solvent and pH on the reaction of DHA (1 mmol) with 4-
aminobiphenyl (1.1 mmol) under biphasic condition with aqueous buffer
and sodium dodecyl sulfate (20 mol %), 19 8C, 24 h.


buffer pH Yield of 5 f [%] with solvent (5 mL)
CH2Cl2 toluene THF tBuOH


1 ~0.2 5 1 2 –[a]


2 1.0 58 5 19 5
3 1.2 64 28 31 9
4 1.4 26 3 3 3
5 2.0 26 –[a] –[a] –[a]


[a] Product not detected


Table 3. Effect of varying amounts of sodium dodecyl sulfate on the reac-
tion of DHA (1.0 mmol) with 4-aminobiphenyl (1.10 mmol) under biphasic
condition with aqueous H2SO4 (0.05 m, 5 mL) in CH2Cl2 (5.0 mL) at 19 8C,
24 h.


sodium dodecyl sulfate [mol %] yield of 5 f [%]


1 3 9.5
2 5 13
3 10 22
4 20 27


Table 4. Effect of bromide ion on the reaction of DHA (1.0 mmol) with 4-aminobiphenyl (1.10 mmol) under bi-
phasic condition with sodium dodecyl sulfate and aqueous acids.


sodium dodecyl NaBr Acid Solvent T [8C] reaction yield of
sulfate [mol %] [mol %] (5 mL) (5 mL) time [h] 5 f [%]


1 10 0 0.05 m H2SO4 CH2Cl2 19 24 22
2 10 8.5 – CH2Cl2 19 24 23
3 20 0 – PhMe 80 4 61
4 10 10 – PhMe 80 4 63
5 20 10 – PhMe 80 4 69
6 10 0 0.1 m HBr PhMe 80 4 74
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teine, arylaminosulfonic acids and aromatic thiols and arylsulfi-
nate salts. There also was no reaction at all with primary or
secondary alkylamines, probably because these are too basic
and are predominantly protonated under the reaction condi-
tions.


Biological activities


Efficacy screens against Plasmodium falciparum were conduct-
ed with the W2 strain, which is resistant to chloroquine, and
the D6 strain, which is sensitive to chloroquine but resistant to
mefloquine. The assay was conducted by measuring the inhibi-
tion of uptake of radiolabeled hypoxanthine by the parasite
(Table 6).[45]


With the exception of the arylamino derivatives 5 a and 5 f,
and the 2-naphthalenemethanol derivative 8, activities, as ex-


pressed by IC50, are less than
1 ng mL�1. The very poor activity
of compound 5 f is anomalous,
and might be indicative of a
steric effect associated with the
p-phenyl substituent attached
to C-4’ of the phenyl ring in re-
lation to binding in the active
site, as discussed below.


In vivo screens were conduct-
ed against P. berghei in mice ac-
cording to the Peters four-day
test by the sc and oral (po)
routes, with values expressed as
ED90 (Table 7).[46] Here, the sc ac-
tivities of the arylaminoartemisi-
nins are generally superior to
that of artesunate, and, in the


case of compound 5 g, the activity is some 13 times greater.
However, po activities are relatively quite poor, being approxi-
mately equipotent with artesunate. That the compounds have
mediocre oral bioavailability relative to the sc route might in
part be a reflection of protonation, which blocks uptake and
triggers hydrolysis to DHA, which itself has low relative bio-
availability, as the compounds pass through the stomach. In
contrast, the relative bioavailability of compound 8 is quite
good; this might be due to enhanced stability at low pH. The


Scheme 2. Proposed pathways leading to 10-arylaminoartemisinins from DHA in PT catalysis.


Table 5. Reaction of DHA 2 (1.0 mmol) with nucleophiles (1.10 mmol) under
biphasic conditions. Procedure A : sodium dodecyl sulfate (20 mol %), aque-
ous buffer, pH 1.2, CH2Cl2 (5.0 mL), 19 8C, 24 h; Procedure B: sodium dodecyl
sulfate (10 mol %), aqueous HBr (0.1 m, 5.0 mL), toluene, 80 8C, 4 h.


Nucleophile Product, procedure,
isolated yield [%].


1 aniline 5 a, A 55, B 83
2 p-chloroaniline 5 b, A 40
3 p-bromoaniline 5 c, A 38
4 p-aminobenzoic acid 5 e, A 14, B 50
5 4-aminobiphenyl 5 f, A 65, B 74
6 p-fluoroaniline 5 g, A 82
7 m-(methylsulfonyl)aniline 5 h, A 37
8 p-(methylsulfonyl)aniline 5 i, A 78
9 2-methyl-4-nitroaniline 5 j, A 50, B 65
10 methyl p-aminobenzoate 5 k, A 53, B 49
11 methanol 4 a, A 59
12 ethanol 4 b, A 44.5
13 4-(hydroxymethyl)benzoic acid 4 c, A 15, B 50
14 2-naphthalenemethanol 8, A 41
15 2-naphthol 9, A 17


Table 6. In vitro antimalarial activity (IC50) of compounds against W2
(chloroquine resistant) and D6 (chloroquine sensitive, mefloquine resistant)
strains of P. falciparum by tritiated hypoxanthine incorporation assay.


Compound W2: IC50 [ng mL�1] D6: IC50 [ng mL�1]


5 a 0.66 2.14
5 c 0.23 0.28
5 d 0.33 0.39
5 g 0.64 0.61
5 f 5.81 9.40
8 1.54 1.24


Table 7. P. berghei N strain ED90 ; Peters’ four-day test, blood schizontocidal
activity ; mice treated daily subcutaneously (sc) or orally (po) from day of
infection (D 0) through D+3; results evaluated from parasite counts in pe-
ripheral blood on D+4.


Compound ED90 ED90 ED90 po/ ED90 3/ED90 compound
[mg kg�1] [mg kg�1] ED90 sc = Artesunate Index
sc po = R90 sc po


Artesunate 3 4.6 9.3 2.0 1.0 1.0
5 b 0.65 14.0 21.5 7.08 0.66
5 c 0.75 10.0 13.3 6.13 0.93
5 g 0.35 8.2 23.4 13.14 1.13
5 h 2.3 25.0 10.87 2 0.37
5 i 1.7 7.5 5 2.7 1.24
8 2.3 4.7 2.04 2.00 1.98
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arylaminoartemisinins, especially compound 5 g, also possess
very good activity by the sc route against chloroquine-resistant
P. yoelii (Table 8). The (methylsulfonylphenyl)amino compounds
5 h and 5 i, which are the most polar of the arylamino deriva-
tives, unexpectedly are the least active.


Conclusion


The sc activities of the arylaminoartemisinins, especially of
compound 5 g, justify further development of this compound
class, particularly as the straightforward preparation complies
with the economic requirements outlined above. Overall, the
sc activities of the arylaminoartemisinins partially reflect the ex-
ceptional activities of alkylaminoartemisinins reported earlier.[30]


However, po activities are inferior, yet still of the same order of
magnitude as artesunate. Thus, on the basis of the sc data, it is
apparent that amino groups attached directly to C-10 enhance
the activities of artemisinin derivatives in general. This might
be due in part to the general resistance of this compound
class to competing, and mechanistically irrelevant, decomposi-
tion by ferrous iron to C-centered radicals,[30, 47] and thereby
allow more of the drug to bind to the target.[4, 10, 30, 47, 48] A more
detailed reasoning for the enhanced antimalarial activities of
the 10-aminoartemisinins, as compared to all other artemisi-
nins, will be presented elsewhere.


It is recognized that at low pH, as in the case of glycosyl-
amines, protonation of the basic nitrogen will occur, and hy-
drolysis to DHA may ensue. However, any instability at low pH
encountered on the oral route can be overcome through ad-
ministration of enteric-coated tablets. Finally, the phase-trans-
fer method described herein is applicable to the preparation of
aromatic glycosylamines, and therefore should be of general
use.


Experimental Section


Diethyl ether and toluene were dried with sodium wire and dis-
tilled from sodium benzophenone ketyl prior to use. Dichlorome-
thane, predried over calcium hydride, was distilled and then stored
over 4 � molecular sieves under nitrogen. DHA was used as sup-
plied by the Kunming Pharmaceutical Corporation. Other chemicals
were used without further purification.


1H and 13C NMR spectra were recorded on Bruker ARX-300 and
JEOL JNM-EX400 FT-NMR spectrometers operating at 300 or
400 MHz (1H) and at 75 or 100 MHz (13C). Mass spectra were mea-
sured on a Finnegan TSQ7000 Mass Spectrometer. Infrared spectra
of solid samples were obtained in KBr disks on a Perkin–Elmer
Spectrum One. Optical rotations were determined on a Perkin–
Elmer Polarimeter Model 241. Melting points were determined in
capillary tubes on an electrothermal melting-point apparatus and
were uncorrected. Microanalyses were performed by MEDAC Ltd.
at the Department of Chemistry, Brunel University, UK. Analytical
thin-layer chromatography was performed with pre-coated alumi-
num plates (Merck Kieselgel 60 F254). Flash chromatography was
performed with silica gel (Merck Kieselgel 60 art. 9385 230–400
mesh) under medium pressure.


Standard pH 1.2 buffer solution was prepared according to
ref. [49], as follows: an aqueous solution of potassium chloride
(0.2 m, 50 mL) was mixed with hydrochloric acid (0.2 m, 85.0 mL) in
a 200 mL volumetric flask. The resulting solution was diluted with
water to 200 mL to give the standard buffer solution of pH 1.2.


10a-((5’-Phenyl)phenyl)amino-10-deoxo-10-dihydroartemisinin
(5 f): Procedure A : 4-Aminobiphenyl (186 mg, 1.10 mmol), DHA
(284 mg, 1.0 mmol), and sodium dodecyl sulfate (57 mg,
0.20 mmol) were added to a vigorously stirred mixture of dichloro-
methane (5 mL) and pH 1.2 buffer solution (5 mL). After 24 h, the
mixture was quenched with saturated aqueous sodium bicarbon-
ate solution (5 mL). After effervescence was complete, the mixture
was poured into a mixture of brine (30 mL) and dichloromethane
(10 mL). This solution was separated, the aqueous layer was ex-
tracted with dichloromethane (2 � 10 mL), and the organic layers
were combined and dried (Na2SO4). After filtration, the filtrate was
concentrated under reduced pressure, and the residue was purified
by chromatography (ethyl acetate/hexane 20:80) to give com-
pound 5 f as silky white needles (283 mg, 65 %). m.p. 157–159 8C;
[a]20


D =�76.5 (c = 0.51, CHCl3) ; 1H NMR: d= 0.98 (d, J = 7.2 Hz, 3 H;
H-15), 1.02 (d, J = 6.1 Hz, 3 H; H-16), 1.44 (s, 3 H; H-14), 1.07–2.09
(m, 10 H), 2.36–2.62 (m, 2 H), 4.50 (d, J = 9.85 Hz, 1 H; NH), 4.90 (dd,
J = 9.85, 9.85 Hz, 1 H; H-10), 5.49 (s, 1 H; H-12), 6.82–6.87 (m, 2 H;
Ar-H), 7.25–7.58 (m, 7 H; Ar-H); 13C NMR: d= 13.81, 20.19, 21.68,
21.81, 24.62, 25.98, 34.04, 36.27, 37.30, 45.76, 51.72, 80.42, 80.67,
91.14, 104.14, 114.30, 125.98, 126.29, 127.71, 128.45, 131.53, 141.16,
145.22; IR (film): nmax = 698, 760, 826, 878, 926, 992, 1012, 1040,
1128, 1152, 1196, 1268, 1268, 1378, 1446, 1488, 1528, 1614, 2872,
2924, 3348 cm�1; MS (CI, CH4): m/z (%) = 170 (2), 267 (2), 284 (2),
379 (8), 395 (42), 412 (100), 436 (2) [M ++1]; elemental analysis
calcd (%) for C27H33NO4 (435.57): C 74.45, H 7.64, N 3.22; found C
74.18, H 7.60, N 3.16.


Procedure B : 4-Aminobiphenyl (186 mg, 1.10 mmol), DHA (284 mg,
1.0 mmol), and sodium dodecyl sulfate (29 mg, 10 mol %) were
added to a vigorously stirred mixture of toluene (5.0 mL) and aque-
ous hydrobromic acid solution (0.10 m, 5.0 mL) in a round-bottom
flask. This was then immersed in an oil bath preheated to 80 8C
and kept at that temperature for 4 h, with vigorous stirring of the
reaction mixture throughout. After cooling down to ambient tem-
perature, the mixture was quenched by addition of saturated
aqueous sodium bicarbonate solution (5 mL). After effervescence
was complete, the solution was poured into a mixture of brine
(30 mL) and dichloromethane (10 mL), and further processed as de-
scribed above to give the product 5 f (323 mg, 74 %).


10a-(Phenylamino)-10-deoxo-10-dihydroartemisinin (5 a): This
was obtained according to procedure A or B from aniline
(102.4 mg, 1.1 mmol) and other reagents, as described above.


Table 8. P. yoelii NS strain ED90 ; Peters’ four-day test, blood schizontocidal
activity ; mice treated daily subcutaneously (sc) or orally (po) from day of
infection (D 0) through D+3; results evaluated from parasite counts in pe-
ripheral blood on D+4.


Compound ED90 [mg kg�1] ED90 3/ED90 compound
sc = Artesunate Index


Artesunate 3 42.0 1.0
5 b 1.7 24.7
5 c 1.6 26.3
5 g 0.6 70.0
5 h 2.3 18.0
5 i 3.3 12.7
8 2.3 18.0
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Chromatography (ethyl acetate/hexanes 28:72) gave a white crys-
talline solid, recrystallization of which from dichloromethane/
hexane gave thread like crystals (procedure A: 217 mg, 55 %;
procedure B: 328 mg, 83 %). m.p. 159–160 8C (lit.[27] 121.5–122 8C);
[a]20


D =�51.4 (c = 0.35, CHCl3) ; 1H NMR: d= 0.95 (d, J = 7.18 Hz, 3 H;
6-Me), 1.01 (d, J = 6.18 Hz, 3 H; 9-Me), 1.05–1.10 (m, 1 H), 1.42 (s,
3 H; 3-Me), 1.26–1.65 (m, 7 H), 1.74–1.92 (m, 4 H), 2.00–2.08 (m, 1 H),
2.35–2.45 (m, 1 H), 2.49–2.61 (m, 1 H; H-9), 4.32 (d, J = 9.81 Hz, 1 H;
NH), 4.85 (dd, J = 9.86, 9.81 Hz, 1 H; H-10), 5.45 (s, 1 H; H-12), 6.75–
6.87 (m, 3 H; Ar-H), 7.17–7.22 (m, 2 H; Ar-H); 13C NMR: d= 13.80,
20.17, 21.79, 24.60, 25.97, 32.71, 34.03, 36.26, 37.18, 45.76, 51.71,
80.39, 80.70, 91.08, 114.02, 118.56, 128.99; IR (film): nmax = 690, 748,
826, 856, 878, 926, 944, 994, 1012, 1040, 1098, 1116, 1152, 1196,
1270, 1314, 1376, 1444, 1502, 1604, 2872, 2924, 3348 cm�1; MS (CI,
CH4): m/z (%) = 94 (38), 133 (100), 163 (40), 221 (80), 249 (22), 267
(50), 296 (98), 314 (100), 324 (20), 342 (98), 359 (56) [M +] , 360 (56)
[M ++1]; elemental analysis calcd (%) for C21H29NO4 (359.47): C
70.17, H 8.13, N 3.90; found C 70.25, H 8.24, N 3.73.


10a-(4’-Chlorophenylamino)-10-deoxo-10-dihydroartemisinin
(5 b): This was obtained according to procedure A from p-chloro-
aniline (140.3 mg, 1.1 mmol) and other reagents, as described
above. Chromatography (ethyl acetate/hexanes 15:85) gave a
white solid, recrystallization of which from dichloromethane/
hexane gave thread-like crystals (173.3 mg, 40 %). m.p. 179.0 8C
(lit.[27] 144.5–145 8C); [a]20


D =�63.5 (c = 0.20, CHCl3); 1H NMR: d=
0.94 (d, J = 7.18 Hz, 3 H; 6-Me), 1.00 (d, J = 6.12 Hz, 3 H; 9-Me), 1.41
(s, 3 H; 3-Me), 1.05–1.97 (m, 9 H), 2.05 (ddd, J = 14.6, 4.78, 3.12 Hz,
1 H), 2.40 (ddd, J = 17.4, 13.5, 3.98 Hz, 1 H), 2.49–2.61 (m, 1 H; H-9),
4.42 (br s, 1 H; NH), 4.78 (br s, 1 H; H-10), 5.44 (s, 1 H; H-12), 6.66–
6.71 (m, 2 H; Ar-H), 7.09–7.14 (m, 2 H; Ar-H); 13C NMR: d= 13.73,
20.16, 21.78, 24.59, 25.93, 32.56, 33.99, 36.23, 37.28, 45.67, 51.66,
80.38, 80.76, 91.09, 104.15, 115.28, 123.20, 128.76,144.31; IR (film):
nmax = 756, 818, 878, 926, 944, 992, 1012, 1040, 1094, 1152, 1196,
1268, 1378, 1454, 1494, 1514, 1604, 2874, 2926, 3346 cm�1; MS (CI,
CH4): m/z (%) = 127 (8), 167 (100), 221 (16), 267 (10), 330 (16), 347
(20), 376 (8), 393 (16) [M ++1]; elemental analysis calcd (%) for
C21H28ClNO4 (393.91): C 64.03, H 7.16, N 3.55; found C 64.16, H 7.40,
N 3.45.


10a-(4’-Bromophenylamino)-10-deoxo-10-dihydroartemisinin
(5 c): This was obtained according to procedure B from p-bromo-
aniline (189.2 mg, 1.1 mmol) and other reagents as described
above. Chromatography (ethyl acetate/hexanes 13:87) gave a
white solid, recrystallization of which from dichloromethane/
hexane gave thread-like crystals. m.p. 183–183.5 8C (lit.[27] 152–
153 8C); [a]20


D =�60.0 (c = 0.23, CHCl3) ; 1H NMR: d= 0.94 (d, J =
7.15 Hz, 3 H; 6-Me), 1.00 (d, J = 6.07 Hz, 3 H; 9-Me), 1.41 (s, 3 H; 3-
Me), 1.05–2.08 (m, 10 H), 2.40 (ddd, J = 14.0, 13.7, 3.87 Hz, 1 H),
2.49–2.61 (m, 1 H; H-9), 4.48 (d, J = 10.0 Hz, 1 H; NH), 4.78 (dd, J =
10.0, 9.95 Hz, 1 H; H-10), 5.44 (s, 1 H; H-12), 6.61–6.66 (m, 2 H; Ar-H),
7.20–7.25 (m, 2 H; Ar-H); 13C NMR: d= 13.71, 20.17, 21.78, 24.60,
25.92, 32.54, 33.99, 36.24, 37.29, 45.67, 51.67, 80.39, 80.65, 91.09,
104.17, 110.32, 115.76, 131.61, 144.79; IR (film): nmax = 756, 816, 878,
926, 992, 1012, 1040, 1094, 1122, 1152, 1196, 1268, 1378, 1452,
1492, 1514, 1598, 2872, 2924, 3346 cm�1; MS (CI, CH4): m/z (%) =
154 (34), 221 (50), 267 (14), 376 (36), 392 (100), 422 (14), 439 (12)
[M ++1]; elemental analysis calcd (%) for (C21H28BrNO4)): C 57.54,
H 6.44, N 3.19; found C 57.81, H 6.64, N 3.14.


10a-(4’-Carboxyphenyl)amino-10-deoxo-10-dihydroartemisinin
(5 e): This was Prepared according to procedure B with 4-amino-
benzoic acid (151 mg, 1.10 mmol) and DHA (284 mg, 1.0 mmol).
Following chromatography (ethyl acetate/hexane 1:1), the product
5 e was obtained as white needle-shaped crystals (201.6 mg, 50 %).


m.p. 155–157 8C (lit.[27] 155–157 8C). All other data were in agree-
ment with those previously recorded.[27]


10a-(4’-Fluorophenyl)amino-10-deoxo-10-dihydroartemisinin
(5 g): This was prepared according to procedure B with 4-fluoroani-
line (122 mg, 1.1 mmol) and other reagents as described above.
Following chromatography (ethyl acetate/hexanes 13:87), the
product was obtained as fine hair-like crystals (310 mg, 82 %). m.p.
170–171 8C, from dichloromethane/hexanes; [a]20


D =�51.5 (c = 1.3,
CHCl3) ; 1H NMR: d= 0.95 (d, J = 7.18 Hz, 3 H; 6-Me), 1.00 (d, J =
6.11 Hz, 3 H; 9-Me), 1.42 (s, 3 H; 3-Me), 1.05–1.97 (m, 9 H), 2.05 (ddd,
J = 14.6, 4.79, 3.07 Hz, 1 H), 2.40 (ddd, J = 17.3, 13.4, 3.93 Hz, 1 H),
2.49–2.61 (m, 1 H; H-9), 4.32 (d, J = 10.0 Hz, 1 H; NH), 4.76 (dd, J =
10.0, 10.0 Hz, 1 H; H-10), 5.44 (s, 1 H; H-12), 6.66–6.92 (m, 4 H; Ar-
H); 13C NMR: d= 13.81, 20.17, 21.79, 24.60, 25.94, 32.60, 34.01,
36.25, 37.29, 45.73, 51.69, 80.41, 81.41, 91.10 (d, J = 2.22 Hz),
104.13, 115.15 (d, J = 2.69 Hz), 115.34 (d, J = 17.7 Hz), 141.95; IR
(Nujol): nmax = 780, 810, 832, 846, 880, 924, 942, 1022, 1046, 1099,
1116, 1194, 1216, 1264, 1378, 1460, 1512, 2854, 2924, 3358 cm�1;
MS (CI, CH4): m/z (%) = 111 (6), 151 (42), 163 (34), 221 (18), 267 (26),
314 (14), 358 (70), 377 (100) [M +] , 378 (44) [M ++1]; elemental
analysis calcd (%) for C21H28FNO4 (377.46): C 66.82, H 7.48, N 3.71;
found C 67.06, H 7.60, N 3.51.


10a-(3’-Methylsulfonylphenyl)amino-10-deoxo-10-dihydroarte-
misinin (5 h): 3-Methylsulfonylaniline hydrochloride (684 mg,
3.30 mmol), DHA (852 mg, 3.0 mmol), and sodium dodecyl sulfate
(173 mg, 0.6 mmol) were added to a vigorously stirred mixture of
dichloromethane (15 mL) and buffer solution at pH 1.2 (15 mL)
according to procedure A. After 24 h, the reaction was quenched
by addition of saturated aqueous sodium bicarbonate solution
(15 mL). The usual workup, followed by chromatography (ethyl
acetate/hexanes 30:70) gave compound 5 h as white needles
(490 mg, 37 %). m.p. 116–117 8C; [a]20


D =�51.68 (c = 0.655, CHCl3);
1H NMR: d= 0.93 (d, J = 6.9 Hz, 3 H; 9-Me), 0.99 (d, J = 6.3 Hz, 3 H; 6-
Me), 1.05–1.30 (m, 2 H), 1.39 (s, 3 H; 3-Me), 1.42–1.95 (m, 7 H), 1.95–
2.10 (m, 1 H), 2.30–2.50 (m, 1 H), 2.50–2.65 (m, 1 H), 3.04 (s, 3 H;
SO2CH3), 4.75 (d, J = 10.0 Hz, 1 H; NH), 4.87 (t, J = 9.9 Hz, 1 H; H-10),
5.46 (s, 1 H; H-12), 6.96 (dt, J = 2.0, 7.3 Hz, 1 H; ArH), 7.23–7.28 (3 H;
m, ArH); 13C NMR: d= 13.8, 20.3, 21.9, 24.7, 25.9, 32.5, 34.0, 36.4,
37.3, 44.2, 45.7, 51.7, 80.2, 80.5, 91.3, 104.3, 111.3, 116.1, 119.1,
129.4, 140.5, 146.6; IR (KBr): nmax = 763, 826, 877, 926, 1011, 1038,
1144 (nS= O), 1196, 1269, 1299 (nS = O), 1378, 1431, 1452, 1483, 1527,
1603, 2875, 2927, 3340 cm�1 (nN-H) ; MS (CI, CH4): m/z = 438 [M ++1];
elemental analysis calcd (%) for C22H31NO6S (437.56): C 60.39, H
7.14, N 3.20; found C 60.40, H 6.99, N 3.20.


10a-(4’-Methylsulfonylphenyl)amino-10-deoxo-10-dihydroarte-
misinin (5 i): This was prepared from 4-methylsulfonylaniline hydro-
chloride (228 mg, 1.10 mmol), DHA (284 mg, 1.00 mmol), and
sodium dodecyl sulfate (59 mg, 0.20 mmol) in dichloromethane
(15 mL) and buffer solution (15 mL) at pH 1.2 according to proce-
dure A. Following chromatography (ethyl acetate/hexanes 30:70),
5 i was obtained as needles (341 mg, 78 %). m.p. 152.2–153.8 8C;
[a]20


D = 91.68 (c = 0.518, CHCl3) ; 1H NMR: d= 0.94 (d, J = 7.1 Hz, 3 H;
9-Me), 1.00 (d, J = 6.1 Hz, 3 H; 6-Me), 1.05–1.30 (m, 2 H), 1.37 (s, 3 H;
3-Me), 1.40–2.15 (m, 8 H), 2.30–2.50 (m, 1 H), 2.50–2.70 (m, 1 H), 2.96
(s, 3 H; SO2CH3), 4.90 (t, J = 10.0 Hz, 1 H; H-10), 5.50 (d, J = 9.9 Hz,
1 H; NH), 5.51 (s, 1 H; H-12), 6.82 (dd, J = 2.6, 11.4 Hz, 2 H; ArH), 7.56
(dd, J = 2.6, 11.4 Hz, 2 H; ArH); 13C NMR: d= 13.6, 14.1, 20.2, 20.9,
21.8, 24.6, 25.9, 32.3, 34.0, 36.3, 37.3, 45.0, 45.6, 51.7, 60.3, 79.9,
80.5, 91.3, 104.4, 113.4, 128.6, 150.5; IR (KBr): nmax = 767, 827, 878,
926, 957, 1012, 1038, 1092, 1144 (nS = O), 1297 (nS = O), 1326, 1416,
1454, 1524, 1599, 2874, 2926, 3348 (nN-H) cm�1; MS (CI, NH3): m/z =
438 [M ++H], 455 [M ++NH4]; elemental analysis calcd (%) for
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C22H31NO6S (437.56): C 60.39, H 7.14, N 3.20; found C 60.43, H 7.23,
N 3.08.


10a-(2’-Methyl-4’-nitrophenyl)amino-10-deoxo-10-dihydroarte-
misinin (5 j): This was prepared from 2-methyl-4-nitroaniline
(167 mg, 1.10 mmol), DHA (284 mg, 1.0 mmol), and sodium dode-
cyl sulfate (29 mg, 10 mol %) in toluene (5 mL) and dilute HBr
(0.1 m, 5 mL) according to procedure B. Following chromatography
(ethyl acetate/hexanes 30:70), 5 j was obtained as needles (270 mg,
65 %). m.p. 152–153 8C; [a]28


D = 198.638 (c = 0.945, CH2Cl2); 1H NMR:
d= 4.78 (d, J = 8.8 Hz, 1 H; NH), 4.90 (dd, J = 9.6, 9.2 Hz, 1 H; H-10),
5.49 (s, 1 H; H-12), 6.90 (d, J = 8.8 Hz, 1 H; Ar-H), 7.99–8.05 (m, 2 H;
Ar-H); 13C NMR: d= 14.0, 17.5, 20.4, 22.0, 24.8, 26.1, 32.7, 34.1, 36.3,
37.5, 45.7, 51.8, 80.2, 80.4, 91.2, 104.4, 110.5, 122.3, 124.1, 126.0,
149.6; IR (film) nmax 737, 752, 830, 879, 926, 1017, 1039, 1111, 1134,
1293, 1330, 1379, 1500, 1530, 1591, 2873, 2928, 3407 cm�1; MS (CI,
CH4): m/z (%) = 136 (18), 154 (100), 192 (16), 221 (25), 231 (7), 267
(3), 325 (5), 343 (16), 355 (17), 373, (24), 401 (10), 419 (3.5) [M ++1];
elemental analysis calcd (%) for C22H29N2O6: C 63.87, H 7.46, N 6.48;
found: C 63.88, H 7.55, N 6.60.


10a-(4’-Methoxycarbonylphenyl)amino-10-deoxo-10-dihydroar-
temisinin (5 k): This was prepared according to procedure B with
methyl 4-aminobenzoate (166 mg, 1.10 mmol) and DHA (284 mg,
1.0 mmol). Following chromatography (ethyl acetate/hexanes 1:1),
5 k was obtained as a fine white solid (204.4 mg, 49 %). m.p. 118–
119 8C; [a]20


D =�84.1 (c = 0.82, CHCl3) ; 1H NMR: d= 0.92 (d, J =
7.11 Hz, 3 H; 6-Me), 0.99 (d, J = 6.09 Hz, 3 H; 9-Me), 1.39 (s, 3 H; 3-
Me), 0.85–2.04 (m, 10 H), 2.33–2.42 (m, 1 H), 2.56–2.60 (m, 1 H), 3.83
(s, 3 H; OMe), 4.88 (dd, J = 9.89, 9.89 Hz, 1 H; H-10), 5.06 (d, J =
9.96 Hz, 1 H; NH), 5.46 (s, 1 H; H-12), 6.66–7.76 (m, 4 H; Ar-H);
13C NMR: d= 13.67, 14.10, 20.22, 20.94, 21.84, 24.66, 25.92, 32.50,
34.04, 36.30, 37.34, 45.67, 51.40, 51.70, 80.02, 80.49, 91.21, 104.30,
113.01, 119.64, 131.04, 149.99, 167.06; IR (film): nmax = 768, 842, 878,
926, 1012, 1040, 1110, 1178, 1270, 1378, 1434, 1528, 1608, 1710,
2948, 3344 cm�1; MS (CI, CH4): m/z (%) = 152 (26), 221 (28), 358 (8),
372 (100), 400 (6), 418 (32) [M++1]; elemental analysis calcd (%)
for C23H31NO6 (417.51): C 66.17, H 7.48, N 3.35; found C 65.57, H
7.57, N 3.36.


Artemether (4 a): DHA (284 mg, 1.00 mmol) and sodium dodecyl
sulfate (29 mg, 10 mol %) were added to a vigorously stirred mix-
ture of toluene (5.0 mL), methanol (2 mL), and aqueous hydrobro-
mic acid solution (0.10 m, 5.0 mL). The mixture was kept at 80 8C
for 4 h, then cooled to ambient temperature, and the reaction was
quenched by addition of saturated aqueous sodium bicarbonate
(5 mL). After effervescence was complete, the mixture was poured
into a mixture of brine (30 mL) and dichloromethane (10 mL). The
resulting solution was separated, and the aqueous layer was ex-
tracted with more dichloromethane (2 � 10 mL). The combined ex-
tract was dried (Na2SO4) and concentrated under reduced pressure.
The residue was purified by chromatography (ethyl acetate/hexane
10:90) to give crystalline b-artemether (176.9 mg, 59 %), m.p. 86.0–
87.0 8C (lit.[41] 86–88 8C). This was identical with an authentic
sample either obtained from suppliers (Kunming Pharmaceutical
Corporation) or prepared according to the literature procedure.[41]


On the basis of its 1H NMR spectrum (see below), the second frac-
tion (21 mg, 7.0 %), which was not further purified, was assumed to
be a-artemether.


Arteether (4 b): This was prepared according to the procedure
used above from DHA (284 mg, 1.00 mmol) and absolute ethanol
(2 mL). Following chromatography (ethyl acetate/hexane 10:90)
crystalline b-arteether was obtained (139.0 mg, 45 %). m.p. 80.8–
81.6 8C (lit.[42] 81–83 8C); 1H NMR (300 MHz, CDCl3) d= 3.4–3.5 (m,
1 H; diastereotopic OCH2CH3), 3.8–3.9 (m, 1 H; diastereotopic


OCH2CH3), 4.80 (d, J = 2.4 Hz, 1 H; H-10), 5.41 (s, 1 H; H-12). A frac-
tion was also isolated as an oil (18.5 mg, 6 %) and identified on the
basis of its 1H NMR spectrum as a-arteether: 1H NMR: d= 3.9–4.1
(m, 1 H; diastereotopic OCH2CH3), 4.44 (d, J = 9.2 Hz, 1 H; H-10),
5.392 (s, 1 H; H-12).


Artelinate (4 c):[50] Procedure B with 4-hydroxymethylbenzoic acid
(167 mg, 1.10 mmol) and DHA (284 mg, 1.0 mmol) was modified as
follows. The reaction mixture was heated in an oil bath at 80 8C,
with vigorous stirring for 4 h, then the mixture was cooled. The tol-
uene layer was separated, and the aqueous layer was extracted
with dichloromethane (3 � 10 mL). The toluene layer and the di-
chloromethane extracts were combined, and washed once with
water (20 mL). After drying, the solvent was evaporated to leave
an opaque residue, which was submitted to chromatography
(ethyl acetate/hexanes = 1:1) to give the product 4 c as a fine white
solid (209 mg, 50 %) after crystallization from methanol/water (1:1).
m.p. 144–145 8C (lit.[3] 142–145 8C); 13C NMR: d= 13.2, 20.4, 24.6,
24.7, 26.2, 31.0, 34.6, 36.4, 37.5, 44.4, 52.5, 69.2, 81.1, 88.0, 101.6,
104.1, 126.7, 128.2, 130.1, 144.4, 171.2; MS (CI, CH4) m/z (%) = 123
(2), 135 (11), 163 (14), 180 (6), 221 (100), 267 (8), 315 (2), 331 (8),
355 (5), 373 (7), 401 (47). Other data were in agreement with the
literature.[3]


10b-(2’-Naphthalenemethoxy)-10-deoxo-10-dihydroartemisinin
(8): According to procedure A, 2-naphthalenemethanol (174 mg,
1.10 mmol), DHA (284 mg, 1.0 mmol), and sodium dodecyl sulfate
(58 mg, 0.20 mmol) in dichloromethane (5 mL) and aqueous buffer
(5 mL, pH 1.2) gave 8 as a white foam (180.0 mg, 41 %) after chro-
matography (ethyl acetate/hexanes 5:95). m.p. 48–49 8C, identical
with an authentic sample.[32]


10b-(2’-Naphthoxy)-10-deoxo-10-dihydroartemisinin (9): Accord-
ing to procedure A, 2-naphthol (159 mg, 1.10 mmol), DHA (284 mg,
1.0 mmol), and sodium dodecyl sulfate (58 mg, 0.20 mmol) in di-
chloromethane (5 mL) and aqueous buffer (5 mL, pH 1.2) gave 9
(70 mg, 17 %) as a white foam after chromatography (ethyl ace-
tate/hexanes 5:95). m.p. 129–131 8C, identical with an authentic
sample.[32]
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Ring-Closing Metathesis of C-Terminal
Allylglycine Residues with an N-Terminal
b-Vinyl-Substituted Phosphotyrosyl Mimetic as
an Approach to Novel Grb2 SH2 Domain-
Binding Macrocycles
Shinya Oishi,[a] Zhen-Dan Shi,[a] Karen M. Worthy,[b] Lakshman K. Bindu,[b]


Robert J. Fisher,[b] and Terrence R. Burke*[a]


Introduction


Growth-factor receptor-bound 2 (Grb2)[1, 2] proteins are nonca-
talytic docking modules that consist of one SH2 domain and
two SH3 domains that participate in oncogenic signaling by re-
ceptor protein tyrosine kinases, and include the breast cancer-
related erbB-2.[3, 4] Because inhibition of Grb2-dependent signal-
ing could attenuate cancerous growth, binding antagonists of
SH2[5, 6] and SH3 domains[7, 8] are being developed by several
groups. Compound 1 depicts a potential inhibitor directed
against the Grb2 SH2 domain (Scheme 1). The structure of 1 is
based on preferential binding of the “pTyr-Xxx-Asn-Yyy” se-
quences,[9, 10] wherein critical recognition components are pro-
vided by the pTyr phenylphosphate and Asn side chains. Addi-
tionally, lipophilic functionality located C-terminally to the Asn
residue (“R2” in Scheme 1) has been included for interaction
with a region of the protein formed by LeubD1 and LysbD6
side chains of the Grb2 SH2 domain protein.[11] Because the
binding of peptide ligands to Grb2 SH2 domains occurs in b-
bend conformations,[10] attempts at affinity enhancement
through induction of conformational constraint have been ex-
amined by using a variety of cyclization strategies, including
disulfide-bond formation.[12, 13] Of the several current ap-
proaches toward the synthesis of cyclic b-turn mimetics,[14]


ring-closing metathesis (RCM) has become an important
emerging technique.[15, 16] In order to introduce terminal alkene
units that are needed for RCM macrocyclization, allylglycine
residues are often inserted into the linear parent peptide at
the sites of intended ring closure. However, this can result in
the displacement of biologically essential side-chain functional-


ities in the open-chain parent. For example, traditional RCM
ring closure between the i and i+3 residues of structure 1
would require insertion of allylglycines that would eliminate
the critical pTyr phenylphosphate moiety (2). Alternatively, the
addition of a b-vinyl group onto the pTyr mimetic would trans-
form it into a functionalized allylglycine variant that could un-
dergo RCM ring closure with retention of phenylphosphate
functionality at the site of ring juncture (3).[17]


We previously proposed such an approach to Grb2 SH2
domain-binding antagonists.[17] However, our earlier work was
limited by its use of C-terminal 2-allyl-3-aryl-1-propanamides
that lacked the a-carboxyl portion of true allylglycine residues
(4, Scheme 2). This significantly limited the ability to explore
structural variation, since the C-terminal moieties themselves
involved lengthy synthesis and, once prepared, their use re-
quired an individual total synthesis of the entire macrocy-
cle.[18–21] Presented herein is an alternative application of this
idea that utilizes C-terminal allylglycine amides (5) to circum-
vent these deficiencies. In this new approach, l- and d-allylgly-
cine and amines that are required for terminal amide construc-
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Frederick, MD 21702 (USA)
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[b] K. M. Worthy, L. K. Bindu, Dr. R. J. Fisher
Protein Chemistry Laboratory, SAIC-Frederick
Frederick, MD 21702 (USA)


Ring-closing metathesis (RCM) of peptides often requires insertion
of allylglycines at the intended sites of ring juncture, which can
result in the displacement of residues that are needed for biologi-
cal activity. This type of side-chain deletion can be avoided by
appending b-vinyl substituents onto the parent residues at the in-
tended sites of ring juncture, thereby effectively converting them
into functionalized allylglycine equivalents. Such an approach
has been previously applied in modified form to growth-factor re-
ceptor bound 2 (Grb2) SH2 domain-binding peptides by using an
N-terminal b-vinyl-functionalized phosphotyrosyl mimetic and C-


terminal 2-allyl-3-aryl-1-propanamides that lacked the a-carboxyl
portion of allylglycine residues. These C-terminal moieties in-
volved lengthy synthesis and once prepared, required an individu-
al total synthesis of each final macrocycle. Work reported herein
significantly enhances the versatility of the original approach
through the use of C-terminal allylglycine amides that can be
prepared from commercially available l- and d-allylglycines and
suitable amines. This methodology could be generally useful
where macrocylization is desired with maintenance of functional-
ity at a site of ring juncture.
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tion are commercially available, thereby facilitating synthetic
access. More importantly, the use of C-terminal allylglycine
amides potentially allows the preparation of multiple ana-
logues through the use of solid-phase chemistries.


Results and Discussion


Synthetic approach


Compounds 7 and 8 (Scheme 3) were chosen as targets that
could allow investigation of synthetic approaches toward RCM
ring-closure of C-terminal allylglycines[15, 22–25] onto an N-termi-
nal b-vinyl-containing residue within the context of a Grb2 SH2


domain-binding system. Preparation of the corre-
sponding open-chain compound 6 was deemed im-
portant for examination of the biological consequen-
ces of this kind of macrocyclization. By using solution
chemistries, the l- and d-enantiomers of N-Boc-allyl-
glycine were condensed in high yield with (1-naph-
thyl)methylamine to give the corresponding amides
9 a and 9 b, respectively (Scheme 4). These were de-
blocked by using aqueous TFA and, without purifica-
tion, they were treated with N-Fmoc-l-asparagine by
using 1-hydroxybenzotriazole (HOBt) active ester cou-
pling to give the resulting epimeric dipeptides (10 a)
and (10 b), which were sparingly soluble in DMF.
For the l-allylglycine-containing 10 a, coupling to N-
Fmoc-1-aminocyclohexane carboxylic acid (N-Fmoc-


Ac6c-OH) was done in two steps that consisted of an initial pi-
peridine-mediated deblock with purification of the intermedi-
ate free amine (11 a) followed by HOBt active ester coupling
with N-Fmoc-Ac6c-OH to yield tripeptide 12 a (78 % yield from
10 a). The epimeric N-Fmoc dipeptide 10 b was deblocked by
using Et2NH in DMF and, without purification, it was directly
treated with N-Boc-Ac6c-OH by using 1-hydroxy-7-azabenzo-
triazole (HOAt) active ester coupling, to give the N-Boc-tripep-
tide 12 b (28 % yield from 10 b).


The conversion of 12 a and 12 b to the RCM substrates 15 a
and 15 b required condensation of the sterically crowded N-
terminal Ac6c residues with the hindered pTyr mimetic 14. It
had previously been observed that HOAt active ester coupling


in the presence of 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide·HCl (EDCI·HCl) could achieve satisfactory
yields if conducted for prolonged reaction times at
elevated temperatures.[19] Accordingly, N-Fmoc-pro-
tected tripeptide 12 a was piperidine-deblocked, and
the resulting free amine 13 a was purified prior to
HOAt/EDCI active ester coupling with 14 (12 h at
50 8C) to yield the desired product 15 a (12 % yield).
N-Boc-protected tripeptide 12 b was deblocked to
give amine 13 b, followed by direct coupling with 14
(at 50 8C for 24 h); this yielded the product 15 b (45 %
yield). Consistent with previous work,[19–21, 26, 27] ring-
closing metathesis of 15 a and 15 b at 45 8C by using


Scheme 1. RCM macrocyclization of a prototypical Grb2 SH2 domain-binding inhibitor (1) without (2) and with (3) a b-functionalized allylglycine residue at the
pTyr mimetic location. Bold indicates important structural features needing preservation.


Scheme 2. Comparison of the previously reported RCM approach that uses a b-vinyl pTyr
mimetic (4) with the proposed new use (5).


Scheme 3. Structures of final targets.
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commercially available (Aldrich) Grubbs second-generation cata-
lyst [(PCy3){Im(Mes)2}Ru=CHPh],[28] yielded macrocycles 16 a (73 %
yield) and 16 b (52 % yield), respectively. The ring-forming
double bonds of both compounds were shown by vinylic
1H NMR coupling constants to be exclusively of the E geometry.


Solid-phase chemistries


Solid-phase chemistries could allow the rapid synthesis of mul-
tiple analogues without tedious purification of intermediates.


However, difficulties in the solution coupling of the sterically
hindered 14 raised questions regarding the feasibility of a
solid-phase approach. Reductive amination (1-naphthylamine,
NaBH(OAc)3) of acid-labile 4-(4-formyl-3-methoxyphenoxy)-
butyryl-NovaGel HL resin (17),[24] yielded the naphthylmethyl
amino resin 18 (Scheme 5). This was elaborated along three
pathways. In one pathway, coupling of an initial N-Fmoc Gly
residue was accomplished by using HOAt and HATU (O-benzo-
triazol-1-yl-N,N,N’,N’-tetramethyluronium hexaflorophosphate)
in the presence of diisopropylethylamine (DIEA). This was fol-


Scheme 4. Reagents : i) HOBt, DIPCDI, DMF ; ii) TFA ; iii) aqueous NaHCO3 ; iv) HOBt, DIPCDI, DMF ; v) 20 % piperidine in DMF ; vi) N-Fmoc-Ac6c-OH, HOBt, DIPCDI, DMF
for 11 a ; Et2N/DMF then Boc-Ac6c-OH, HOAT, EDCI, DMF for 10 b ; vii) 20 % piperidine in DMF ; viii) HOAt, EDCI·HCl, DMF for 12 a ; TFA-anisol (10:1) for 12 b ;
ix) [(PCy3){Im(Mes)2}Ru=CHPh], CH2Cl2 ; x) TFA, H2O.


Scheme 5. Solid-phase synthesis of open-chain 5 and RCM intermediates 13 b, 22 a and 22 b.
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lowed by the sequential coupling of N-Fmoc Asn(Trt)-OH
(HOBt active ester), N-Fmoc Ac6c-OH (HOAt active ester), and
the des-vinyl form of pTyr mimetic 14[28] (HOAt active ester,
50 8C, 2 days). Coupling of this last step went to completion as
indicated by a negative Kaiser test. Cleavage of the resulting
resin 20 (95 % aqueous TFA) provided open-chain 6 in 46 %
overall yield (Scheme 5).


Elaboration of resin 18 along the next two pathways differed
in the initial coupling of either N-Fmoc l-allylglycine or N-
Fmoc d-allylglycine (resins 19 a and 19 b, respectively). Cou-
pling of Asn and Ac6c residues, followed by pTyr mimetic 14,
yielded resins 21 a and 21 b, respectively. HPLC analysis of
small samples of cleaved resin provided single major peaks
that gave MALDI mass spectra consistent with the anticipated
peptides 22 a and 22 b. This indicated that the potentially trou-
blesome coupling of pTyr mimetic 14 had been achieved satis-
factorily. However, attempts with on-resin ring-closure by using
second-generation Grubbs catalyst (CH2Cl2, 24 8C, 2 days) failed
to provide the desired ring-closed products 23 a and 23 b. Al-
though the target macrocycles 7 and 8 could not be obtained
directly on solid support, the ability to synthesize advanced in-
termediates such as 13 b, 22 a, and 22 b was shown. The ready
access to advanced intermediates through solid-phase chemis-
tries should greatly extend the usefulness of the approach.


Effects of macrocyclization on Grb2 SH2 domain binding
affinity


The potential value of RCM macrocyclization between allgly-
cines and a b-vinyl-containing residue is to allow retention of
critical functionality at one ring juncture site. In the present
case, in which ring closure is intended to mimic the bend con-
formation of a Grb2 SH2 domain-bound peptide, the overall ef-
fectiveness of the approach is reflected by potency enhance-
ment of the macrocycles 7 and 8 as compared to the open-
chain parent 6. It should be noted that the unmodified pep-
tide 6 was chosen for biological reference rather than the free
acid forms of metathesis precursors 15 a and 15 b, since the
purpose of macrocyclization was the induction of conforma-
tional constraint of 6 and the ring-forming propylene bridges
in 7 and 8 are considered to be components of the macro-
cyclization process. By using plasmon-resonance techniques,
steady-state KD values were obtained for direct binding of pep-
tides 6, 7, and 8 to chip-bound Grb2 SH2 domain protein. Rela-
tive to open-chain 6 (KD = 5610�75.0 nm), macrocycles 7 (KD =


22.7�0.455 nm), and 8 (KD = 54.9�0.945 nm) provided poten-
cy enhancements of two orders of magnitude (Table 1). The
preference for the l-configuration at the epimeric allylglycine
is real and within the sensitivity of the assay to detect. Howev-
er, the difference in potency between 7 and 8 is sufficiently
small to be of questionable significance.


Conclusion


The significant potency enhancements obtained in the current
study by using RCM macrocyclizations between allylglycines
and a b-functionalized allylglycine equivalent are in contrast to
more modest effects produced by disulfide-bond-dependent
ring-closure (approximately tenfold potency enhance-
ments)[12, 13] or by RCM reactions that do not make use of b-
functionalized allylglycine equivalents (potency unchanged).[25]


The particular effectiveness in the present case might be due
to the binding requirement for phenylphosphate functionality
at the site of one ring juncture. The methodology may be of
general applicability to RCM macrocyclizations, in which critical
functionality must be maintained at a ring-juncture site. As
such, this represents a new approach for the synthesis of bio-
logically active macrocycles by RCM chemistries.


Experimental Section


General synthetic : Reactions were carried out under argon. Anhy-
drous solvents were purchased from Aldrich Chemical Corporation
and used without further drying. Combustion analyses were ob-
tained from Atlantic Microlab, Inc. (GA, USA). 1H NMR spectra were
obtained by using a Varian 400 MHz spectrometer and are report-
ed in ppm relative to TMS and referenced to the solvent in which
they were run. Fast-atom-bombardment mass spectra (FABMS)
were acquired with a VG analytical 7070E mass spectrometer. HPLC
separations were conducted by using a Waters Prep LC4000
system with photodiode array detection and a J-sphere ODS-H80
column (20 � 250 mm) with a solvent system consisting of 0.1 %
aqueous TFA (v/v, solvent A) or 0.1 % TFA in MeCN (v/v, solvent B).


N-Boc-l-allylGly-(1-naphthyl)methyl amide (9 a): An ice-cold so-
lution of N-Boc l-allylglycine·dicyclohexylamine salt (1.61 g,
4.05 mmol; Fluka) in 0.1 n HCl (100 mL) was extracted with ice-cold
EtOAc (3 � 50 mL), and the combined extracts were dried (Na2SO4)
and taken to dryness to yield the free amine as a syrup (898 mg).
HOBt (601 mg, 4.46 mmol) and 1,3-diisopropylcarbodiimide (DIP-
CDI; 696 mL, 4.46 mmol) were added to a solution of this syrup in
anhydrous DMF (9 mL), and, after 5 min, (1-naphthyl)methylamine
(653 mL, 4.46 mmol) was added. The resulting mixture was stirred
at RT overnight. The mixture was taken to dryness under high
vacuum at 50 8C, and the resulting syrup was dissolved in EtOAc
and purified by silica gel flash chromatogaphy (hexanes in EtOAc)
to yield product 9 a as cream-colored crystals (1.15 g, 80 % yield).
1H NMR (CDCl3): d= 1.31 (s, 9 H), 2.44–2.53 (m, 2 H), 4.08–4.16 (m,
1 H), 4.81–4.94 (m, 2 H), 5.04–5.12 (m, 2 H), 5.64–5.78 (m, 1 H), 6.32–
6.38 (br m, 1 H), 7.39 (dd, J = 7.0, 10.7 Hz, 1 H), 7.46 (dd, J = 1.5,
6.8 Hz, 1 H), 7.49 (dd, J = 1.3, 2.1 Hz, 1 H), 7.59 (dd, J = 1.6, 7.8 Hz,
1 H), 7.77–7.80 (br m, 1 H), 7.83–7.86 (br m, 1 H), 7.94 (br d, J =
8.0 Hz, 1 H); FAMBS: m/z : 355.2 [M+H]+ .


N-Boc-d-allylGly-(1-naphthyl)methyl amide (9 b): Treatment of
N-Boc-d-allylglycine·dicyclohexylamine salt (PepTech; 2.72 g,
6.86 mmol) in a manner similar to that used to prepare 9 a provid-
ed product 9 b as a light yellow solid in quantitative yield. 1H NMR:
see data provided for enantiomeric 9 a ; FABMS: m/z : 355.1
[M+H]+.


N-Fmoc-l-Asn-l-allylGly-(1-naphthyl)methyl amide (10 a): A so-
lution of 9 a (254 mg, 1.00 mmol) in TFA/H2O (9:1, 10 mL) was
stirred at RT for 1 h, TFA was then removed by rotary evaporation
under reduced pressure, and the residue was partitioned between


Table 1. Grb2 SH2 steady-state binding constants.


Gr2 SH2 Domain Compound 6 Compound 7 Compound 8


steady-state KD [nm] 5610�75.0 22.7�0.455 54.9�0.945
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saturated NaHCO3 in brine (25 mL) and EtOAc (2 � 25 mL). The or-
ganic extract was dried (Na2SO4), evaporated to an oil (203 mg),
and taken up in DMF (1 mL). To this was added an HOBt active
ester solution prepared by treating N-Fmoc-l-asparagine (357 mg,
1.10 mmol; Novabiochem) with HOBt (148 mg, 1.10 mmol) and
DIPCIDI (172 mL, 1.10 mmol) in DMF (3 mL) for 15 min. The result-
ing clear solution was stirred at RT to rapidly yield a thick white
suspension. The suspension was diluted with DMF (4 mL) and agi-
tated at RT overnight. The solvent was removed at 50 8C under
high vacuum, and the residue was thoroughly triturated with
MeOH (10 mL), collected by filtration, and washed well with MeOH
to yield product 10 a as a white solid (424 mg, 72 % yield). 1H NMR
([D6]DMSO): d= 2.24–2.56 (m, 4 H), 4.14–4.20 (m, 3 H), 4.24–4.36 (m,
2 H), 4.66 (d, J = 6.9 Hz, 2 H), 4.89 (br d, J = 10.4 Hz, 1 H), 4.98 (br d,
J = 17.2 Hz, 1 H), 5.61–5.72 (m, 1 H), 6.90 (br s, 1 H), 7.24–7.40 (m,
8 H), 7.44–7.50 (m, 2 H), 7.57 (d, J = 8.0 Hz, 1 H), 7.64 (d, J = 5.8 Hz,
2 H), 7.78–7.79 (m, 1 H), 7.84 (d, J = 7.5 Hz, 2 H), 7.87–7.90 (m, 1 H),
8.00 (br t, J = 6.1 Hz, 2 H), 8.46 (br t, J = 5.6 Hz, 1 H); FABMS: m/z :
591.3 [M+H]+ .


N-Fmoc-l-Asn-d-allylGly-(1-naphthyl)methyl amide (10 b): Treat-
ment of 9 b (1.64 g, 6.45 mmol) in a manner similar to that used to
prepare 10 a from 9 a provided product 10 b as a white foam in
quantitative yield. H NMR ([D6]DMSO): d= 2.24–2.43 (m, 4 H), 4.06–
4.14 (m, 3 H), 4.25–4.34 (m, 2 H), 4.65 (d, J = 5.8 Hz, 2 H), 4.90 (br d,
J = 9.6 Hz, 1 H), 4.98 (br d, J = 17.5 Hz, 1 H), 5.58–5.70 (m, 1 H), 6.89
(br s, 1 H), 7.24 (dd, J = 7.4, 15.0 Hz, 2 H), 7.30–7.38 (m, 5 H), 7.44–
7.48 (m, 2 H), 7.56 (br d, J = 7.6 Hz, 1 H), 7.60 (br t, J = 6.5 Hz, 2 H),
7.75 (br d, J = 8.0 Hz, 1 H), 7.82–7.88 (m, 3 H), 7.96–7.99 (m, 1 H),
8.05 (d, J = 8.4 8.4 Hz, 1 H); FABMS: m/z : 591.3 [M+H]+ .


H-l-Asn-l-allylGly-(1-naphthyl)methyl amide (11 a): Piperidine
(15 equiv) was added to a suspension of 10 a (1.11 g, 1.88 mmol) in
DMF (10 mL), and the mixture was stirred at RT for 2 h. Solvent
and piperidine were removed under high vacuum to yield a white
solid, which was dissolved in MeOH/EtOAc and purified by silica
gel flash chromatography (MeOH/EtOAc, from 5 to 25 % MeOH) to
yield free amine 11 a as a gel that became a white solid after pro-
longed exposure to vacuum (540 mg, 78 % yield). 1H NMR
([D6]DMSO): d= 2.12–2.46 (m, 4 H), 3.44 (dd, J = 5.7, 8.6 Hz, 1 H),
4.30 (br s, 1 H), 4.63–4.53 (m, 2 H), 4.95 (dd, J = 2.1, 10.1 Hz, 1 H),
5.01 (dd, J = 2.1, 17.2 Hz, 1 H), 5.61–5.72 (m, 1 H), 6.82 (br s, 1 H),
7.34–7.44 (m, 3 H), 7.46–7.52 (m, 3 H), 7.79 (br d, J = 7.6 H, 1 H),
7.87–7.92 (m, 1 H), 7.98–8.02 (m, 1 H), 8.11 (br s, 1 H), 8.52 (t, J =
5.9 Hz, 1 H); FABMS: m/z : 369.2 [M+H]+ .


N-Fmoc-Ac6c-l-Asn-l-allylGly-(1-naphthyl)methyl amide (12 a): A
HOBt active ester solution, prepared by treating N-Fmoc-Ac6c-OH
(420 mg, 1.10 mmol; Advanced ChemTech) with HOBt (148 mg,
1.10 mmol) and DIPCIDI (172 mL, 1.10 mmol) in DMF (3 mL) for
10 min, was added to a solution of amine 10 a (368 mg,
1.00 mmol) in DMF (3 mL), and the resulting solution was stirred at
RT overnight. The reaction mixture was taken to dryness under
high vacuum and purified by silica gel flash chromatography
(MeOH/EtOAc, from 0 to 20 % MeOH) to give product 12 a as a
white foam in quantitative yield. 1H NMR (CDCl3): d= 1.10–1.82 (m,
10 H), 2.38–2.56 (m, 2 H), 2.73–2.79 (m, 2 H), 4.02–4.23 (m, 3 H),
4.35–4.45 (m, 2 H), 4.62 (dd, J = 4.7, 14.8 Hz, 1 H), 4.87 (dd, J = 1.7,
10.3 Hz, 1 H), 4.94–5.01 (m, 2 H), 5.58–5.75 (m, 1 H), 6.82 (s, 1 H),
7.18–7.39 (m, 9 H), 7.40–7.42 (m, 1 H), 7.46–7.48 (m, 1 H), 7.61–7.64
(m, 2 H), 7.68–7.74 (m, 3 H), 7.92 (d, J = 8.6 Hz, 1 H), 7.96 (s, 1 H),
8.27 (d, J = 5.7 Hz, 1 H); FABMS: m/z : 716.2 [M+H]+ .


N-Boc-Ac6c-l-Asn-d-allylGly-(1-naphthyl)methyl amide (12 b):
Protected peptide 10 b (300 mg, 0.507 mmol) was treated with


20 % Et2NH in DMF (5 mL) for 30 min at RT. Concentration under re-
duced pressure gave the corresponding crude amine. N-Boc-Ac6c-
OH (135 mg, 0.558 mmol) and EDCI·HCl (116 mg, 0.609 mmol) were
added to a stirred solution of the amine in dry DMF (1 mL) and
HOAt in DMF (0.5 m, 1.11 mL, 0.558 mmol), and the mixture was
stirred for 12 h at RT. The mixture was extracted with EtOAc, and
the extract was washed successively with 5 % citric acid solution,
brine, 5 % aquesous NaHCO3, and brine, and dried over Na2SO4.
Concentration followed by flash chromatography over silica gel by
using CH2Cl2/MeOH (95:5) gave the product (12 b) as a colorless
solid (84 mg, 28 % yield). 1H NMR (400 MHz, CDCl3): d= 1.25 (m,
2 H), 1.40 (s, 9 H), 1.63 (m, 6 H), 1.84 (m, 1 H), 2.03 (m, 1 H), 2.39 (dd,
J = 16.5, 4.2 Hz, 1 H), 2.54 (ddd, J = 14.6, 10.7, 7.7 Hz, 1 H), 2.88 (m,
1 H), 2.94 (dd, J = 16.5, 4.9 Hz, 1 H), 4.32 (br, 1 H), 4.45 (m, 1 H), 4.58
(m, 2 H), 4.90 (s, 1 H), 5.05 (m, 2 H), 5.15 (dd, J = 16.9, 1.6 Hz, 1 H),
5.35 (br, 1 H), 5.79 (m, 1 H), 7.16 (m, 1 H), 7.41 (m, 2 H), 7.49 (m, 2 H),
7.68 (d, J = 8.8 Hz, 1 H), 7.74 (m, 2 H), 7.81 (d, J = 7.9 Hz, 1 H), 8.00
(d, J = 8.6 Hz, 1 H); FABMS: m/z : 594 [M+H]+ .


H-Ac6c-l-Asn-l-allylGly-(1-naphthyl)methyl amide (13 a): Piperi-
dine (1.0 mL, 10 mmol) was added to a solution of 12 a (738 mg,
1.00 mmol) in DMF (5 mL), and the resulting solution was stirred at
RT for 40 min. The solvent was then removed under high vacuum
at 50 8C, and the residue was purified by silica gel flash chromatog-
raphy (MeOH/EtOAc, from 0 to 20 % MeOH) to give an oil. Lyophili-
zation from dioxane provided product 13 a as a white solid
(343 mg, 84 % yield). FABMS: m/z : 494.3 [M+H]+ .


H-Ac6c-l-Asn-d-Gly-(1-naphthyl)methyl amide (13 b): Preparation
of peptide 13 b with solid-phase methods is outlined below.


((2R,3R)-3-(4-Di-tert-butyloxyphosphonomethyl)phenyl-2-(tert-
butyloxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-l-allylGly-(1-
naphthyl)methyl amide (15 a): Protected pTyr mimetic 14[19]


(77 mg, 0.155 mmol) and EDCI·HCl (32 mg, 0.170 mmol) were
added to a stirred solution of 13 a (70 mg, 0.141 mmol) in dry DMF
(0.30 mL) and HOAt in DMF (0.5 m, 0.311 mL, 0.155 mmol), and the
mixture was stirred for 12 h at 50 8C. The mixture was extracted
with EtOAc, and the extract was washed successively with saturat-
ed citric acid solution, brine, 5 % aqueous NaHCO3 solution, and
brine, and dried over Na2SO4. Concentration of the mixture was fol-
lowed by flash chromatography over silica gel by using CH2Cl2/
MeOH (95:5) provided 15 a as a colorless solid (16 mg, 12 % yield).
1H NMR (400 MHz, CDCl3): d= 0.72–1.62 (m, 37 H), 2.47 (m, 2 H),
2.62 (m, 3 H), 2.82 (m, 1 H), 2.96 (d, J = 21.5 Hz, 2 H), 3.02 (m, 1 H),
3.51 (m, 1 H), 4.31 (m, 1 H), 4.44 (m, 1 H), 4.83 (dd, J = 15.0, 5.3 Hz,
1 H), 4.97 (dd, J = 15.0, 6.0 Hz, 1 H), 5.05 (m, 3 H), 5.15 (dd, J = 17.1,
1.6 Hz, 1 H), 5.25 (br, 1 H), 5.69 (m, 1 H), 5.81 (m, 1 H), 6.22 (s, 1 H),
6.71 (br, 1 H), 7.11–7.25 (m, 5 H), 7.35–7.55 (m, 5 H), 7.59 (d, J =
8.3 Hz, 1 H), 7.72 (d, J = 8.1 Hz, 1 H), 7.81 (d, J = 9.2 Hz, 1 H), 8.04 (d,
J = 8.1 Hz, 1 H); FABMS: m/z : 972 [M+H]+ .


((2R,3R)-3-(4-Di-tert-butyloxyphosphonomethyl)phenyl-2-(tert-
butyloxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-d-allylGly-(1-
naphthyl)methyl amide (15 b): Protected peptide 12 b (70 mg,
0.117 mmol) was treated with TFA/anisole (10:1, 5.5 mL) for 2 h at
RT. Concentrating the mixture under reduced pressure gave the
corresponding amine as its TFA salt. Protected pTyr mimetic 14
(64 mg, 0.129 mmol), EDCI·HCl (27 mg, 0.141 mmol), and iPr2NEt
(0.040 mL, 0.234 mmol) were added to a stirred solution of the
amine in dry DMF (0.300 mL) and HOAt in DMF (0.5 m, 0.259 mL,
0.129 mmol) at 0 8C, and agitation was continued for 24 h at 50 8C.
The mixture was extracted with EtOAc, and the extract was
washed successively with saturated citric acid solution, brine, satu-
rated aqueous NaHCO3 solution, and brine, and dried over Na2SO4.
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Concentration of the mixture was followed by flash chromatogra-
phy over silica gel by using CH2Cl2/MeOH (95:5) and provided 15 b
as a colorless solid (52 mg, 45 % yield). 1H NMR (400 MHz, CDCl3):
d= 0.78–1.66 (m, 37 H), 2.51–2.73 (m, 4 H), 2.80 (m, 1 H), 2.88–3.05
(m, 4 H), 3.32 (t, J = 10.0 Hz, 1 H), 4.11 (m, 1 H), 4.52 (m, 1 H), 4.77
(dd, J = 15.5, 5.1 Hz, 1 H), 4.99–5.23 (m, 6 H), 5.70–5.99 (m, 4 H), 7.06
(m, 2 H), 7.20 (m, 2 H), 7.37 (m, 1 H), 7.43–7.61 (m, 6 H), 7.72 (d, J =
8.1 Hz, 1 H), 7.82 (m, 1 H), 8.04 (d, J = 8.3 Hz, 1 H); FABMS: m/z : 972
[M+H]+ .


Cyclo(((2R,3R)-3-(4-di-tert-butyloxyphosphonomethyl)phenyl-2-
(tert-butyloxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-l-allylGly)-
(1-naphthyl)methyl amide (16 a): Second-generation Grubbs RCM
catalyst [1,3-bis-(2,4,6-trimethylphenyl)-2-imidazolidinylidene)di-
chloro(phenylmethylene)-(tricyclohexylhosphine) ruthenium] [(PCy3)-
{Im(Mes)2}Ru=CHPh][29] (6.5 mg, 0.0077 mmol; Aldrich) in CH2Cl2


(1.3 mL) was added to a solution of 15 a (15 mg, 0.015 mmol) in
CH2Cl2 (3.7 mL) under argon. The reaction mixture was stirred at
45 8C for 24 h. The crude reaction mixture was evaporated in
vacuo, and the residue was purified with silica gel chromatography
by using CH2Cl2/MeOH (10:1) to provide 16 a as colorless powder
(11 mg, 73 % yield). 1H NMR (400 MHz, CDCl3): d= 1.16–1.58 (m,
30 H), 1.61 (m, 1 H), 1.72 (m, 1 H), 1.89 (m, 4 H), 2.07 (m, 1 H), 2.35
(m, 1 H), 2.46–2.73 (m, 4 H), 2.99 (m, 3 H), 3.57 (m, 1 H), 3.88 (m,
1 H), 4.83 (m, 2 H), 4.90 (m, 1 H), 5.13 (m, 2 H), 5.83 (dd, J = 15.3,
7.6 Hz, 1 H), 6.24 (br, 1 H), 7.08 (m, 1 H), 7.11–7.25 (m, 4 H), 7.34–7.56
(m, 4 H), 7.68 (m, 1 H), 7.73 (d, J = 8.3 Hz, 1 H), 7.84 (d, J = 7.8 Hz,
1 H), 7.98 (d, J = 8.8 Hz, 1 H), 8.03 (d, J = 8.3 Hz, 1 H); FABMS: m/z :
944 [M+H]+ .


Cyclo(((2R,3R)-3-(4-di-tert-butyloxyphosphonomethyl)phenyl-2-
(tert-butyloxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-d-allylGly)-
(1-naphthyl)methyl amide (16 b): [(PCy3){Im(Mes)2}Ru=CHPh]
(27 mg, 0.032 mmol) in CH2Cl2 (8 mL) was added to a solution of
15 b (55 mg, 0.057 mmol) in CH2Cl2 (25 mL) under argon, and the
reaction mixture was stirred at 45 8C for 48 h. The crude reaction
mixture was then evaporated in vacuo, and the residue was puri-
fied by silica gel flash chromatography with CH2Cl2/MeOH (15:1) to
provide 16 b as a yellow oil (28 mg, 52 % yield). 1H NMR (CDCl3):
d= 8.04 (m, 1 H), 7.87 (d, 1 H, J = 8.5 Hz), 7.83 (m, 1 H), 7.75 (d, J =
8.3 Hz, 1 H), 7.54–7.40 (m, 6 H), 7.24 (dd, J = 2.4, 8.3 Hz, 2 H), 7.14 (d,
J = 7.9 Hz, 2 H), 6.81 (d, J = 7.5 Hz, 1 H), 5.98 (s, 1 H), 5.81 (dd, J = 9.1,
15.5 Hz, 1 H), 5.72 (s, 1 H), 5.40 (m, 1 H), 5.02 (m, 1 H), 4.79 (dd, J =
5.0, 14.9 Hz, 1 H), 4.57 (m, 1 H), 4.48 (m, 1 H), 3.54 (m, 1 H), 3.06 (m,
1 H), 3.02 (d, 2 H, J = 21.5 Hz), 2.97 (m, 1 H), 2.88 (dd, J = 5.6,
15.9 Hz, 1 H), 2.63 (dd, J = 4.1, 16.1 Hz, 1 H), 2.43 (dd, J = 11.2,
17.2 Hz, 1 H), 2.23 (m, 1 H), 1.95 (dd, J = 3.0, 17.2 Hz, 1 H), 1.86–1.44
(m, 6 H), 1.42 (s, 9 H), 1.40 (s, 9 H), 1.36 (s, 9 H), 1.31–1.20 (m, 4 H);
FABMS: m/z : 944 [M+H]+ .


Cyclo(((2R,3R)-3-(4-dihydroxyphosphonomethyl)phenyl-2-(hy-
droxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-l-allylGly)-1-naph-
thyl)methyl amide (7): Protected peptide 16 a (10 mg,
0.010 mmol) was treated with TFA/H2O (95:5, 2 mL) for 2 h at RT.
Concentration of the mixture was followed by preparative HPLC
purification (linear gradient 30 to 40 % solution B in solution A,
over 30 min) provided 7 as a colorless powder (4.6 mg, 56 % yield).
1H NMR (400 MHz, [D6]DMSO): d= 1.23 (m, 1 H), 1.48 (m, 5 H), 1.78
(m, 4 H), 2.06 (m, 1 H), 2.35 (m, 1 H), 2.42–2.72 (m, 4 H), 2.92 (d, J =
21.2 Hz, 2 H), 3.21 (m, 1 H), 4.02 (m, 1 H), 4.34 (m, 1 H), 4.58 (m, 1 H),
4.72 (dd, J = 15.4, 5.2 Hz, 1 H), 4.81 (dd, J = 15.6, 5.6 Hz, 1 H), 5.34
(m, 1 H), 5.84 (dd, J = 15.2, 8.0 Hz, 1 H), 6.86 (br, 1 H), 7.06 (d, J =
8.0 Hz, 1 H), 7.18–7.29 (m, 4 H), 7.36 (br, 1 H), 7.42–7.60 (m, 4 H) 7.70
(d, J = 8.5 Hz, 1 H), 7.83 (d, J = 7.2 Hz, 1 H), 7.94 (d, J = 7.2 Hz, 1 H),


8.06 (d, J = 8.5 Hz, 1 H), 8.16 (s, 1 H), 8.31 (t, J = 5.4 Hz, 1 H); FABMS:
m/z : 774 [M�H]� .


Cyclo(((2R,3R)-3-(4-dihydroxyphosphonomethyl)phenyl-2-(hy-
droxycarbonylmethyl)pent-4-enyl)-Ac6c-l-Asn-d-allylGly)-(1-
naphthyl)methyl amide (8): A solution of 16 b (22 mg,
0.023 mmol) in a mixture of TFA/triethylsilane/H2O (3.7:0.1:0.2,
v/v/v, 4.0 mL) was stirred at RT for 1 h. The solvent was evaporated
in vacuo, and the residue was purified by HPLC by using a linear
gradient (5 % to 95 % B over 25 min) to provide product 8 as a
white solid (8.4 mg, 46 % yield). 1H NMR ([D6]DMSO): d= 8.22 (m,
1 H), 8.15 (s, 1 H), 8.09 (m, 1 H), 8.00 (m, 1 H), 7.84 (dd, J = 2.6,
6.7 Hz, 1 H), 7.72 (d, J = 6.4 Hz, 1 H), 7.46–7.36 (m, 4 H), 7.31 (s, 1 H),
7.12–7.06 (m, 5 H), 6.83 (s, 1 H), 5.80 (dd, J = 9.2, 15.9 Hz, 1 H), 5.27
(m, 1 H), 4.72–4.64 (m, 2 H), 4.56 (m, 1 H), 3.91 (m, 1 H), 3.81 (m,
1 H), 3.16 (m, 1 H), 2.69 (d, J = 20.8 Hz, 2 H), 2.60–2.50 (m, 3 H), 2.25
(m, 1 H), 1.84 (m, 1 H), 1.78–1.16 (m, 10 H); FABMS: m/z : 775 [M]+ ,
776 [M+H]+ .


Conversion of 8 to its trisodium salt : Compound 8 (5.2 mg,
0.0067 mmol) was dissolved in a solution of acetonitrile/H2O (1:1,
v/v, 1.0 mL), and a solution of NaHCO3 (0.334 mL, 0.0201 mmol)
was added. The resulting solution was lyophilized to provide the
trisodium salt of 8 as a white solid (5.6 mg, 100 % yield).


General procedure for reductive amination on resin. 1-Naphthyl-
methylamine (0.044 mL, 0.30 mmol) and NaBH(OAc)3 (64 mg,
0.30 mmol) were added to a suspension of 4-(4-formyl)-3-methoxy-
phenoxy)butyryl-NovaGel HL resin (17; 55 mg, 0.030 mmol; Nova-
biochem, Inc.) in dry 1,2-dichloroethane/trimethyl orthoformate
(2:1, 1.2 mL), and agitation was continued for 12 h at RT. The resin
was washed successively with DMF, 10 % iPr2NEt/DMF, and DMF to
provide N-(1-naphthyl)methylamino-modified resin 18.


General procedure for the solid-phase synthesis of protected
peptides on resin : Protected-peptide resins were manually con-
structed by Fmoc-based solid-phase peptide synthesis. Trityl was
employed for Asn side-chain protection. Fmoc deprotection was
achieved by 20 % piperidine in DMF (2 mL, 1 min; 1 mL, 20 min).
Fmoc amino acids were coupled by treatment with Fmoc amino
acid (5 equiv) and coupling reagents [HATU/HOAt for Gly and Al-
lylGly for 6 h; DIPCDI/HOBt for Asn(Trt) for 2 h; DIPCDI/HOAt for
Ac6c for 6 h] in DMF. pTyr mimetic 14 was coupled by using
DIPCDI/HOAt in DMF for 2 days at 50 8C.


((2R)-3-(4-Dihydroxyphosphonomethyl)phenyl-2-(hydroxycarbo-
nylmethyl)propionyl)-Ac6c-l-Asn-Gly-(1-naphthyl)methyl amide
(6): Protected peptide resin 20 (87 mg, 0.030 mmol), which result-
ed from elaboration of modified resin 18 by using the appropriate
amino acids as described under general procedures for solid-phase
synthesis, was treated with TFA/H2O (95:5, 10 mL) for 2 h at RT.
After the removal of resin by filtration, the filtrate was concentrat-
ed and purified by preparative HPLC (linear gradient from 30 to
40 % solution B in solution A, over 30 min) to provide 6 as a color-
less powder (10 mg, 45 % yield based on resin substitution).
1H NMR (400 MHz, [D6]DMSO): d= 1.00–1.29 (m, 2 H), 1.29–1.63 (m,
6 H), 1.82 (m, 2 H), 2.04 (dd, J = 16.6, 3.9 Hz, 1 H), 2.43–2.65 (m, 4 H),
2.90 (d, J = 21.3 Hz, 2 H), 2.96 (m, 1 H), 3.11 (m, 1 H), 3.68 (dd, J =
16.9, 5.7 Hz, 1 H), 3.83 (dd, J = 16.9, 6.4 Hz, 1 H), 4.34 (dt, J = 7.4,
5.7 Hz, 2 H), 4.73 (m, 2 H), 6.91 (br, 1 H), 7.09–7.19 (m, 4 H), 7.42 (m,
3 H), 7.54 (m, 2 H), 7.73 (d, J = 7.4 Hz, 1 H), 7.81 (m, 1 H), 7.90–8.00
(m, 2 H), 8.06 (m, 1 H), 8.11 (t, J = 5.7 Hz, 1 H), 8.28 (s, 1 H); FABMS:
m/z : 736 [M�H]� .


H-Ac6c-l-Asn-d-allylGly-(1-naphthyl)methyl amide (13 b): Protect-
ed-peptide resin 19 c (429 mg, 0.15 mmol), which resulted from
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elaboration of modified resin 18 by using the appropriate amino
acids as described under general procedures for solid-phase syn-
thesis, was treated with TFA/H2O (95:5, 10 mL) for 2 h at RT. After
filtration, the filtrate was concentrated and neutralized with satu-
rated NaHCO3 solution. The whole mixture was extracted with
EtOAc, and the extract was washed with brine and dried over
Na2SO4. Concentration of the mixture followed by silica gel flash
chromatography with EtOAc/MeOH (8:2) provided 13 b (74 mg,
quant) as a colorless solid. 1H NMR (400 MHz, [D6]DMSO): d= 1.13
(m, 1 H), 1.27 (m, 2 H), 1.36–1.57 (m, 5 H), 1.66 (m, 2 H), 2.34 (m,
1 H), 2.40–2.58 (m, 3 H), 4.31 (m, 1 H), 4.45 (m, 1 H), 4.74 (d, J =
5.8 Hz, 2 H), 4.98 (d, J = 10.2 Hz, 1 H), 5.04 (d, J = 17.2, 1.6 Hz, 1 H),
5.69 (m, 1 H), 6.95 (br, 1 H), 7.45 (m, 3 H), 7.54 (m, 2 H), 7.84 (dd, J =
7.0, 2.3 Hz, 1 H), 7.92 (m, 2 H), 8.06 (m, 1 H), 8.48 (m, 2 H); FABMS:
m/z : 494 [M+H]+ .


Biosensor analysis : Binding experiments were performed on a Bia-
core S51 instrument (Biacore Inc. , NJ, USA). All biotinylated Grb2
SH2 domain proteins (biotinylated Grb2) were expressed and puri-
fied (Protein Expression Laboratory and The Protein Chemistry Lab-
oratory, SAIC, Frederick, USA). The biotinylated Grb2 was immobi-
lized onto carboxymethyl 5’ dextran surface (CM5 sensor chip, Bia-
core Inc.) by amine coupling. The lyophilized biotinylated Grb2
was reconstituted in 50 % DMSO in H2O to make a stock solution
of 1 mg mL�1 and stored at �80 8C. A 1:12.5 dilution of biotin–Grb2
was used for immobilization, by dilution in acetate buffer, pH 5.0,
with 5 % DMSO. 1XPBS (phosphate buffered saline, pH 7.4) was
used as the running buffer.


An immobilization wizard was used to optimize the immobilization
target. For biotinylated Grb2, 2500–5000 resonance units (RU) of
protein were captured on the CM5 sensor chip. Small molecules
were serially diluted in running buffer to concentrations 1.25–
1500 nm as indicated in each sensorgram and injected at 25 8C at a
flow rate of 30 mL min�1 for 2 min. Varying concentrations of small
molecules were injected in increasing concentrations, and every in-
jection was performed in duplicate within each experiment. In
order to subtract background noise from each data set, all samples
were also run over an unmodified reference surface and random
injections of running buffer were performed throughout every ex-
periment (“double referencing”). Data were fitted to a simple 1:1
interaction model by using the global data analysis program
CLAMP.[30]
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Generation of Novel Landomycins M and O
through Targeted Gene Disruption
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Introduction


Streptomyces cyanogenus S136 is the producer of landomycins
A, B, and D (Scheme 1).[1] These compounds consist of an an-
gucycline polyketide backbone decorated with a sugar side
chain that contains different numbers of deoxysugars. Lando-
mycins are characterized by an unusual spectrum of antitumor
properties; in particular, they act against anthracycline-resistant
tumor cells and prostate gland adenoma. The antitumor activi-
ty of landomycins depends on the length of the sugar chain.[2]


Landomycin A, the largest member of the landomycins with a
hexasaccharide side chain, is the most active compound.


The generation of novel landomycins with changes in the
angucycline moiety can open the way to further examination
of landomycins’ structure–activity relationships with regard to
both their glycosylation and aglycon patterns. Oxygenases cat-
alyze a variety of reactions that lead to a vast structural diversi-
ty in polyketides. This makes oxygenases particularly attractive
for combinatorial biosynthesis.[3] Recently, we obtained new
landomycins that are produced by S. globisporus 1912 and
which lack the C-11 hydroxyl group.[2] Interestingly, landomy-
cin F, which contains two sugars in the side chain, was approxi-
mately threefold less active against the MCF-7 breast cancer
cell line than its corresponding 11-hydroxy analogue, landomy-
cin D.[2a] Thus, as in doxorubicin,[4] the 11-hydroxyl group
seems to be important for antitumor activity.


In order to obtain further 11-deoxylandomycin derivatives
and especially 11-dehydroxylandomycin A we focused our re-
search on lanZ4 and lanZ5 of S. cyanogenus S136, which are
very similar to lndZ4 and lndZ5 from S. globisporus 1912. We
took advantage of a mutant in which an integrated plasmid
prevents the transcription of lanZ4 and lanZ5 by a polar effect.
Novel landomycin derivatives obtained in our studies all lacked
the 11-hydroxyl group of the angucycline backbone.


Results and Discussion


Generation and characterization of a S. cyanogenus mutant


The analysis of the landomycin biosynthetic gene cluster re-
vealed that lanGT3, lanZ2, lanZ3, lanGT4, lanZ4, and lanZ5 are
all cotranscribed from the same promoter [3] As the integration
of a plasmid into the transcription unit might cause polar ef-
fects on downstream genes,[5] we carefully analyzed a lanGT3
mutant obtained after integration of pOJDGT3 into the chro-
mosome[6] (Figure 1). After culture of this mutant in soytone
glucose medium, 18 mg of the major compound, which was
later identified as the recently described landomycin F,[2a] was
isolated. Landomycin F displayed the typical landomycin-like
UV-visible spectrum but with a significant hypsochromic shift
in the third lmax of about 40 nm. The NMR analysis showed
that this compound contains only two sugars and lacks the 11-
hydroxyl group, and was also identical to landomycin F with
respect to all other NMR data (Figure 1).[2a] The structure of
landomycin F could only be explained by a polar effect of the
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Two genes from Streptomyces cyanogenous S136 that encode
the reductase LanZ4 and the hydroxylase LanZ5, which are in-
volved in landomycin A biosynthesis, were characterized by tar-
geted gene inactivation. Analyses of the corresponding mutants
as well as complementation experiments have allowed us to


show that LanZ4 and LanZ5 are responsible for the unique C-11-
hydroxylation that occurs during landomycin biosynthesis. Com-
pounds accumulated by the lanZ4/Z5 mutants are the previously
described landomycin F and the new landomycins M and O.
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integrated plasmid on genes located downstream to the inte-
gration site (Figure 1).


Generation of other 11-deoxy-
landomycin derivatives by com-
plementation experiments


Complementation of the S. cya-
nogenus pOJDGT3 mutant was
achieved by the expression of
the lanGT3, lanZ2, lanZ3, lanGT4,
lanZ4, and lanZ5 genes (plasmids
pKC1218ermGT3-4 and pUW-
LoriTZ4Z5) in S. cyanogenus
pOJDGT3, which gave rise to the
wild-type production.


To demonstrate the function of
lanZ4 and lanZ5 and to generate
novel landomycin derivatives that
lack the OH-group at the 11-posi-
tion, additional complementation
experiments were performed.


1. LanZ4 and lanZ5 (pUWLori-
TZ4Z5) were used to trans-
form S. cyanogenus pOJDGT3,
leading to the production of
landomycin D. This indicates
that LanZ4 and LanZ5 are
indeed responsible for the hy-
droxylation at position 11.


2. When lanGT3, lanZ2, lanZ3,
lanZ4, and lanZ5 (pKC1218er-
mEGT3Z2Z3, pUWLoriTZ4Z5),
but not lanGT4, were intro-
duced into S. cyanogenus
pOJDGT3, again production
of landomycin D was ob-
served. From this result we
concluded that LanGT4, which
was shown to be an l-rhodino-
syltrasferase[7] is responsible
for the attachment of the
third sugar during landomy-
cin A biosynthesis.


3. The expression of lanGT3,
lanZ2, lanZ3, and lanGT4
(pKC1218ermEGT3-4) in S. cy-
anogenus pOJDGT3 leads to
the production of landomy-
cins F, M, and O, which all
lack the OH-group at position
11.


4. When both landomycins D
and F were fed to a PKS
mutant of S. cyanogenus


S136,[8] landomycins A and B were produced. These data in-
dicate that hydroxylation at the 11-position is not depend-
ent on the length of the side chain and may occur at differ-
ent stages during landomycin A biosynthesis.


Scheme 1. Structures of landomycin family members. The inactivation of the genes lanZ4 and lanZ5 led to the
production of landomycins F, M, and O; the last two are novel compounds.


Figure 1. A) Generation of the S. cyanogenus pOJDGT3 mutant by single-crossover integration of plasmid pOJDGT3.
B, P, and X indicate the BamHI, PstI, and XbaI restriction sites, respectively. B) DNA fragments used for complementa-
tion experiments of S. cyanogenus pOJDGT3 strain by using different combinations of genes, which were inactivated
in this mutant.
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Structural elucidation of the new landomycins


All of the above mentioned landomycins were identified by
TLC, HPLC, and HPLC/MS. The structures of the new landomy-
cins M and O were further determined by NMR spectroscopy,
mass spectrometry, and UV/Vis spectroscopy.


Landomycins O, M, and F can be easily distinguished from
the other landomycins because of their light orange color,
which differs from the dark red color of the wild-type landomy-
cins. This observation was reflected in the hypsochromic shift
found in the UV/Vis spectra of the orange compounds.


After culture of the S. cyanogenus mutant strain, two major
products as well as a small quantity of a third compound were
confirmed by UV spectroscopy and mass spectrometry to be a
well-known antibiotic, tetrangulol, based upon TLC and HPLC-
MS. Both of the major compounds are orange and possess
very similar UV spectra. Compared with compound 1, the
second one displayed a much larger protonated molecular ion
peak (m/z = 939) in the positive mode APCI-MS spectrum, and
they were later shown to possess different sugar moieties of
varying length attached to the same aglycon. The chemical
structures of these two novel angucyclines were elucidated by
NMR and MS spectra. Both compounds exhibit some of the
representative NMR signals of a tetracyclic landomycin-type
aglycon, except for the 6- and 11-positions. The 1H NMR data
(Tables 1 and 2) of the new compounds showed an ABC
system in ring D and an AB system in ring B. This was further
confirmed by 2D NMR correlation spectroscopy (H,H-COSY).
There are obvious couplings between 5-H and 6-H as well as
those between 10-H and 9/11-H, while the hydroxy signals nor-
mally observable for the wild-type strain landomycins were
missing. Moreover, the comparison with two known angucy-
cline antibiotics landomycins B and D revealed that the new
compounds contain the same sugar moieties. The NMR spectra
of landomycin M (13C NMR, see Table 2 and 1H NMR, see
Table 1) showed the presence of five O-glycosidic hexopyrano-
ses, for example, five anomeric C signals (d= 91.9–100.7) and
five anomeric protons (d= 4.52–5.46). While landomycin O only
displayed the NMR signals of two sugar moieties (1H NMR, see
Table 1 and 13C NMR, see Table 2).


The structures of the new landomycins M and O are unex-
pected. One could speculate that these compounds appear
due to the labile nature of the 6-OH group, which can easily
get lost during the fermentation or the work-up procedure. It
is also possible that the 6-hydroxylation in landomycin A bio-
synthesis is negatively impacted by the loss of the hydroxyl
group at position C-11, which might play a role as a linker that
stabilizes the post-PKS enzyme cluster.


Anticancer assays


The antitumor assays performed against common lung and
breast cancer cell lines (the standard sulforhodamine B assay
was used) reveal that the loss of both the 11- and 6-OH
groups in landomycins O and M render the molecules inactive
(see Table 3).


Experimental Section


General genetic manipulation : Standard molecular-biology proce-
dures were performed as described.[6] Isolation of Escherichia coli
DNA, DNA restriction, DNA modification such as the filling-in-sticky
ends, and Southern hybridization were performed by following the
protocols provided by the manufacturers of kits, enzymes, and
reagents (Amersham Pharmacia, Boehringer Mannheim, Promega,
and Stratagene).


Table 1. 1H NMR signals of landomycins O and M in [D6]DMSO at 400 MHz
(d in ppm relative to TMS).


Position Landomycin O Landomycin M
H-atom d [ppm], multiplicity, J [Hz] d [ppm], multiplicity, J [Hz]


1-OH[a] 10.66, br s 10.67, br s
2-H 6.97, d, 1.5 6.97, d, 1.5
3-CH3 2.44, s 2.44, s
4-H 7.35, d, 1.5 7.35, d, 1.5
5-H 8.09, d, 8.5 8.09, d, 8.5
6-H 8.18, d, 8.5 8.18, d, 8.5
9-H 7.58, dd, 8, 1 7.58, dd, 8, 1
10-H 7.82, ddd, 8, 8, 1 7.82, ddd, 8, 8, 1
11-H 7.74, dd, 8, 1 7.74, dd, 8, 1
1A-H 5.46, dd, 8, 1.5 5.46, dd, 10, 2
2A-Ha 1.71, ddd, 12, 12, 8 2.0, ddd, 12, 12, 10
2A-He 2.65, ddd, 12, 5, 1.5 2.76, ddd, 12, 5, 2
3A-H 3.62, ddd, 12, 9, 5 3.54, m
3A-OH[a] 5.05, br s n.a.
4A-H 3.10, dd, 9, 9 3.12, dd, 8, 8
5A-H 3.35, m 3.2–3.5, m[b]


5A-CH3 1.22, d, 6 1.16, d, 6
1B-H 4.65 dd, 8, 1.5 4.69, dd, 10, 2
2B-Ha 1.37, ddd, 12, 12, 8 1.7–2.0, ddd, 12, 12, 10
2B-He 2.08, ddd, 12, 5, 1.5 2.44, ddd, 12, 5, 2
3B-H 3.60, ddd, 12, 9, 5 3.2–3.5, m
3B-OH[a] 4.96, br s –
4B-H 2.79, dd, 9, 9 3.12, dd, 8, 8
4B-OH[a] 4.75, br s n.a.
5B-H 3.30, m 3.2–3.5, m[b]


5B-CH3 1.20, d, 6 1.23, d, 6
1C-H – 4.95, br s
2C-Ha


[b] – 1.6–2.0, m
2C-He


[b] – 1.8–2.2, m
3C- Ha


[b] – 1.6–2.0, m
3C- He


[b] – 2.2–2.4, m
4C-H – 3.50, br s
5C-H – 4.14, m
6C-CH3 – 1.03, d, 6
1D-H – 4.52, dd, 10, 2
2D-Ha


[b] – 1.6–2.0, m
2D-He


[b] – 2.3–2.4, m
3D-H[b] – 3.2–3.6, m
4D-H – 2.95, dd, 8, 8
5D-H[b] – 3.2–3.6, m
5D-CH3 – 1.04, d, 6
1E-H – 4.57, dd, 10, 2
2E-Ha


[b] – 1.6–2.0, m
2E-He


[b] – 2.3–2.4, m
3E-H[b] – 3.2–3.6, m
4E-H – 2.95, dd, 8, 8
5E-H[b] – 3.2–3.6, m
5E-CH3 – 1.17, d, 6


[a] Exchangeable in D2O; n.a. : not assigned other OH-signals: 5.11, 5.04,
4.89, 4.74, 4.59 (br s). [b] Overlapped and complex.
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Intergeneric conjugation between E. coli and S. cyanogenus :
Intergeneric conjugation between E. coli and S. cyanogenus was
performed as described earlier.[6, 9]


Construction of gene inactivation and complementation plas-
mids : The plasmid pOJDGT3 that was used for lanGT3 inactivation
was constructed as described in ref. [6]. For the construction of the
complementation plasmid, pKC1218ermEGT3Z2Z3, a 4.2 kb BamHI-
SphI fragment of the landomycin biosynthetic gene cluster that
contained lanGT3, lanZ2, and lanZ3 was ligated into the expression
vector pIAGO[10] to yield pIAGOermEGT3Z2Z3. After restriction of
pIAGOermEGT3Z2Z3 with HindIII and EcoRI, a 4.5 kb fragment that
contained the ermE promoter was ligated into pKC1218[5] to yield
pKCermEGT3Z2Z3. Finally, an aadA cassette obtained from
pHP45W, which confers resistance to spectinomycin, was sub-
cloned into the EcoRI site of pKCermEGT3Z2Z3 to yield pKC1218-
ermEGT3Z2Z3.


A 5.4 kb BamHI-StuI fragment from cosmid H2-26[8] that contained
lanGT3, lanZ2, lanZ3, and lanGT4 was ligated into the BamHI-EcoRV
sites of pKC1218ermE[2] to yield plasmid pKCermEGT3-4. pKC1218-
ermEGT3-4 was constructed by integration of the spectinomycin
resistance cassette (aadA) into the EcoRI site of pKCermEGT3-4.


A MunI and an EcoRI restriction site were introduced upstream and
downstream to lanZ4 and lanZ5 by PCR. Amplified fragments were
cloned into pMUN2[7] restricted by MunI and EcoRI to create plas-
mid pMUNlanZ4Z5. A HindIII–XbaI fragment from pMUNlanZ4Z5
that carried lanZ4 and lanZ5 was ligated into pUWLoriT to yield
pUWLoriTZ4Z5.


HPLC-MS : HPLC/MS was performed by using the Waters Alliance
2695 system, which was equipped with a Waters 2996 photodiode
array detector and a Micromass ZQ 2000 mass spectrometer that
used an APCI probe (solvent A: H2O; solvent B: acetonitrile; flow
rate = 0.5 mL min�1; 0–20 min 50 % A and 50 % B to 100 % B, (linear
gradient), 20–23 min 100 % B, 23–25 min 100 % B to 50 % A and
50 % B (linear gradient). The system was equipped with a Waters
Symmetry C-18 column, 4.6 � 50 mm, particle size 5 mm, maintained
at 23 8C. The UV detection wavelength was 451 nm. Retention time
was 10.0 min for lamdomycin O and 12.0 min for landomycin M.
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Table 3. Anticancer activity assays of the new landomycins M and O in
comparison with landomycins A, D, and F.


Landomycin IC50 [mm] IC50 [mm]
(number of sugars; H460 (lung) MCF-7 (breast)
hydroxy groups)


A (6; 6-OH, 11-OH) 10.4�6.0 2.6�0.4
D (2; 6-OH, 11-OH) 105.3�46.2 5.6�1.8
F (2; 6-OH) 111.0�57.5 15.9�3.0
M (5) 67.8�4.1 53.2�0.7
O (2) 26.4�14.3 46.7�9.8


Table 2. 13C NMR signals of landomycins O and M in [D6]DMSO at 100 MHz.


Landomycin O M O M
C atom d [ppm] C atom d [ppm]


C-1 154.54 155.73 C-1B 100.05 100.11
C-2 120.2 120.2 C-2B 30.73 35.78
C-3 135.11 135.09 C-3B 71.91 71.88
C-3-CH3 21.17 21.17 C-4B 76.33 75.63
C-4 121.73 121.9 C-5B 68.25 69.98
C-4a 134.18 134.18 C-5B-CH3 17.87 17.8
C-5 137.4 137.37 C-1C – 91.97
C-6 120.5 120.52 C-2C – 24.05
C-6a 137.43 137.43 C-3C – 24.0
C-7 180.55 180.52 C-4C – 73.80
C-7a 119.29 119.29 C-5C – 65.14
C-8 140.38 140.38 C-5C-CH3 – 17.01
C-9 132.86 132.86 C-1D – 100.70
C-10 122.28 122.23 C-2D – 38.5
C-11 155.71 154.56 C-3D – 71.88
C-11a 117.68 117.68 C-4D – 87.05
C-12 186.78 186.78 C-5D – 68.25
C-12a 134.62 134.64 C-5D-CH3 – 17.96
C-12b 116.43 116.43 C-1E – 99.87
C-1A 96.6 96.62 C-2E – 36.6
C-2A 30.73 38.1 C-3E – 70.15
C-3A 70.14 73.02 C-4E – 76.32
C-4A 86.38 86.40 C-5E – 69.62
C-5A 70.0 68.63 C-5E-CH3 – 17.78
C-5A-CH3 17.65 17.83
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A 4’-Phosphopantetheinyl Transferase Mediates
Non-Ribosomal Peptide Synthetase Activation
in Aspergillus fumigatus
Claire Neville, Alan Murphy, Kevin Kavanagh, and Sean Doyle*[a]


Introduction


Aspergillus fumigatus is a significant human pathogen, particu-
larly in immunocompromised individuals.[1] Three forms of
aspergillosis are recognised clinically : saprophytic, allergic and
invasive. Invasive aspergillosis (IA) is the most serious form of
disease as it involves the invasion of viable tissue and may pro-
duce a mortality rate of approximately 90 %.[2] IA has emerged
as an important disease in recent decades due to the use of
aggressive immunosuppressive therapy causing prolonged
neutropenia in the treatment of cancer and leukaemia. Despite
aggressive antifungal chemotherapy, death due to IA usually
results 7–14 days after diagnosis.[3]


Amphotericin B, azoles, such as itraconazole, and an emerg-
ing array of inhibitors of cell-wall biosynthesis play a key role
in combating fungal infection. However, such treatment is not
always effective, although expensive, and there is a clear re-
quirement for the identification of new fungal targets and anti-
fungal therapies.[4] The near availability of the complete A. fu-
migatus genome sequence[5] (http://www.tigr.org) has both
stimulated significant interest in, and facilitated the search for,
such novel fungal targets.


Non-ribosomal peptide (NRP), polyketide (PK), fatty acid and
lysine biosyntheses in many bacteria and fungi require post-
translational phosphopantetheinylation of key apo-enzymes to
facilitate metabolite production. 4’-phosphopantetheinyl trans-
ferases (4’-PPTase) catalyse the transfer of 4’-phosphopante-
theine from coenzyme A (CoA) to a conserved serine residue
within the cognate apo-enzyme (either apo-NRP or PK synthe-
tase or a-aminoadipate reductase (AAR)). These 4’-phospho-
pantetheinyl prosthetic groups anchor activated intermediates
and facilitate their movement between active sites within the


multienzyme complex.[6] In lysine biosynthesis, the 4’-PPTases
serve to activate AAR, which in turn can convert a-amino-
adipate to a-aminoadipic semialdehyde, which is an essential
step in lysine biosynthesis in S. cerevisiae.[7]


Sfp-type 4’-PPTases are those primarily responsible for NRPS
and PKS phosphopantetheinylation, in addition to playing a
key role in AAR activation. Recent work[8, 9] suggested the exis-
tence of an Sfp-type 4’-PPTase gene in A. fumigatus, which may
encode a protein of 39.6 kDa (359 amino acids) and contain
identical conserved sequence motifs to the npgA gene in A. ni-
dulans. Oberegger et al.[10] have subsequently shown that npgA
gene expression is essential for the production of the sidero-
phores ferricrocin and triacetylfusarinine, and may also be re-
quired for a number of other biosynthetic pathways, including
lysine and fungal-pigment biosynthesis.


Although A. fumigatus is known to produce a range of low-
molecular-weight metabolites (e.g. , siderophores and toxins),
many of which are likely to be formed by either polyketide or
NRP synthesis, little effort has been directed towards the inves-
tigation of NRP synthesis. Haas[11] has indicated the presence of
an NRPS gene in A. fumigatus, but revealed no further details
regarding gene sequence or organisation. It is well known
from studies in other prokaryotic and fungal species that NRP
synthesis occurs in an ATP-dependent manner through the ac-


[a] C. Neville, Dr. A. Murphy, Dr. K. Kavanagh, Dr. S. Doyle
National Institute for Cellular Biotechnology
Department of Biology, National University of Ireland
Maynooth, Co. Kildare (Ireland)
Fax: (+ 353) 1-708-3845
E-mail : sean.doyle@nuim.ie


Aspergillus fumigatus is a significant human pathogen. Non-ri-
bosomal peptide (NRP) synthesis is thought to be responsible for
a significant proportion of toxin and siderophore production in
the organism. Furthermore, it has been shown that 4’-phospho-
pantetheinylation is required for the activation of key enzymes
involved in non-ribosomal peptide synthesis in other species.
Here we report the cloning, recombinant expression and func-
tional characterisation of a 4’-phosphopantetheinyl transferase
from A. fumigatus and the identification of an atypical NRP syn-
thetase (Afpes1), spanning 14.3 kb. Phylogenetic analysis has
shown that the NRP synthetase exhibits greatest identity to NRP
synthetases from Metarhizium anisolpiae (PesA) and Alternaria
brassicae (AbrePsy1). Northern hybridisation and RT-PCR analysis


have confirmed that both genes are expressed in A. fumigatus. A
120 kDa fragment of the A. fumigatus NRP synthetase, contain-
ing a putative thiolation domain, was cloned and expressed in
the baculovirus expression system. Detection of a 4’-phosphopan-
tetheinylated peptide (SFSAMK) from this protein, by MALDI-TOF
mass spectrometric analysis after coincubation of the 4’-phos-
phopantetheinyl transferase with the recombinant NRP synthe-
tase fragment and acetyl CoA, confirms that it is competent to
play a role in NRP synthetase activation in A. fumigatus. The
4’-phosphopantetheinyl transferase also activates, by 4’-phos-
phopantetheinylation, recombinant a-aminoadipate reductase
(Lys2p) from Candida albicans, a key enzyme involved in lysine
biosynthesis.
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tivity of multifunctional enzymes known as non-ribosomal pep-
tide synthetases (NRPS) and that the organisation of modules
within these NRPS directly influences the order of the amino
acids in the resultant peptide products.[12] Modules within NRP
synthetases are composed of domains including adenylation,
thiolation (peptidyl carrier protein) and condensation do-
mains.[12] (Other domain types can also be present and are re-
viewed elsewhere.[13]) Each domain has a specific function: the
adenylation domain recognises and adenylates, by ATP hydrol-
ysis, a substrate amino acid, which is in turn transferred to the
4’-phosphopantetheine prosthetic group of the thiolation
domain by covalent attachment to an available SH group on
the 4’-phosphopantetheine moiety. Ultimately, the covalent at-
tachment of the amino acid to a proximal amino acid occurs
through the condensation domain followed by either sequen-
tial transfer within the NRPS modular system or release
through thioesterase activity to yield functional, non-riboso-
mally synthesised peptides. To date, no detailed analysis of
either NRPS genes or gene expression from A. fumigatus has
been forthcoming, despite the emergence of the organism as
a significant human pathogen.


In an effort to investigate the role of the putative 4’-PPTase
gene in, and elucidate the non-ribosomal biosynthet-
ic capacity of, A. fumigatus, we have undertaken the
isolation of a 4’-PPTase gene, carried out evaluation
of 4’-PPTase gene expression and expressed the 4’-
PPTase gene in a eukaryotic expression system. Sec-
ondly, we have identified and evaluated the expres-
sion of an NRPS open reading frame within the A. fu-
migatus genome. Finally, we present data that sup-
port the hypothesis that the A. fumigatus 4’-PPTase is
responsible for the functional activation of an NRPS
apo-enzyme through 4’-phosphopantetheinylation.


Results


Phylogenetic analysis of 4’-PPTase and NRP
synthetase genes


Data mining of the near-complete A. fumigatus genome with
known sequences enabled the identification of two open read-
ing frames (orf) potentially involved in non-ribosomal peptide
synthesis.


The entire coding region (1.12 kb) of a 4’-phosphopante-
theinyl transferase (4’-PPTase) was identified, cloned and se-
quenced (Genbank accession number AY607103). Phylogenetic
analysis shows that the A. fumigatus 4’-PPTase is an orthologue
of the A. nidulans npgA/cfwA gene (Genbank accession number
AF198117). The A. fumigatus 4’-PPTase was also used to BLAST
(basic local alignment search tool) the National Center for
Biotechnological Information (NCBI) database (http://
www.ncbi.nlm.nih.gov) in order to determine the similarity and
identity of this sequence to other known 4’-PPTases. Highest
similarity levels are seen to A. nidulans npgA gene which is
known to be involved in penicillin biosynthesis (55 % identity;
67 % similarity) while the 4’-PPTase displays lower levels of


identity (25–32 %) and similarity (37–49 %) to other known 4’-
PPTases (data not shown).


A partial orf corresponding to a 3.76 kb region of a putative
A. fumigatus NRP synthetase (termed Afpes1TCA) was also
identified, sequenced to confirm identity (Genbank Acc No
AY607101 and AY607102) and cloned. This 3.76 kb orf (termed
Afpes1TCA) was found to encode a putative thiolation, AMP-
binding and condensation domain, similar to those of other
non-ribosomal peptide synthetases. Further in silico analysis
of the near-complete A. fumigatus genome suggested that
Afpes1TCA was located within a larger NRP synthetase gene
(14.3 kb; termed Afpes1). Afpes1 clusters to a clade that also
contains known NRP synthetases possibly involved in destruxin
and siderophore formation in other fungi,[14, 15] and the protein
is shown to be homologous to the NRP synthetase (Abrepsy1)
of Alternaria brassicae (58 % similarity and 38 % identity), which
is proposed to be involved in the pathogenicity of that organ-
ism. Similarity of Afpes1 to other known NRP synthetases
ranges from 40–56 % and identity ranges from 24–37 % (data
not shown). Conserved domain analysis of Afpes1 indicates the
presence of four adenylation (A), three condensation (C) and
two thiolation (T) domains within the gene '(Figure 1). Further-


more, the domain architecture of Afpes1 indicates that it is a
type of nonlinear (type C) NRP synthetase, as defined by at
least one unusual arrangement of core A, C or T domains.[13]


The double condensation domains may allow the formation of
cyclic peptides or, if present at the end of the sequence, may
be involved in chain termination.


The AMP-binding domains of NRP synthetases are highly
conserved and may therefore represent the specificity code of
the particular NRP synthetase, as it is this domain that recog-
nises and binds the substrate amino acid.[16] In general, each
adenylation domain contains an eight-residue, nonlinear se-
quence motif that is responsible for binding the substrate
amino acid. The four adenylation domains of Afpes1 were
aligned with the phenylalanine-activating adenylation domain
of GrsA[17] to identify each eight-residue motif. The eight-resi-
due motif for each domain was then used to interrogate a da-
tabase of domains with assigned specificity, available at http://
raynam.chm.jhu.edu/~nrps/ by using BLAST analysis. From this
alignment, the putative amino acid substrate of each adenyla-


Figure 1. Schematic diagram showing the domain architecture of A. fumigatus pes1
(Afpes1), a 14 312 bp putative non-ribosomal peptide synthetase region. A : adenylation do-
mains, C: condensation domains and T: thiolation domains. The adenylation domains occur
between nucleotides (amino acids (aa)) 1–912 (1–304), 4326–5505 (1442–1835), 7437–8664
(2479–2888) and 10 710–11 919 (3570–3973). The condensation domains occur between nu-
cleotides (aa) 1485–2376 (495–792), 2919–3783 (973–1261) and 9336–10 161 (3112–3387).
The thiolation domains encompass nucleotides (aa) 1251–1446 (417–482) and 9018–9213
(3006–3071). The 3760 bp region (termed Afpes1TCA) was cloned, sequenced and expressed
in the baculovirus expression system.
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tion domain was determined. This analysis indicates that
adenylation-domain motifs 1 (DAMVAYLS), 2 (DVKSVGAV), 3
(DAMFAGGI) and 4 (DVKSVGAV) encode C, T, V/I and T/D,
respectively.


Expression analysis of 4’-PPTase and Afpes1


4’-PPTase and Afpes1 gene expression were both assessed by
Northern analysis. In addition, Afpes1 expression was evaluated
by RT-PCR. 4’-PPTase expression is evident at all time points
during A. fumigatus growth from t = 24 to 96 h (Figure 2). The
observed band is approximately 2 kb; this suggests that the 4’-
PPTase transcript is significantly longer than the gene itself.
Afpes1 expression was only detectable at 24, 48 and 72 h by
Northern analysis (mRNA size: ca. 15 kb). Afpes1 expression at
48 (very weak) and 72 h was evident on RT-PCR analysis, and,
despite repeated attempts, no Afpes1 expression could be de-
tected at 96 h; this suggests that Afpes1 gene expression is
downregulated under the A. fumigatus culture conditions em-
ployed for these analyses. The lack of detection of Afpes1 ex-
pression by RT-PCR at 24 h is suggestive of a gradual up-regu-
lation in Afpes1 gene expression. Alternatively, this observation
could be due to the differential sensitivity of RT-PCR and
Northern analysis for the detection Afpes1 expression at low
levels of transcript. rRNA loading was used as a control for the
amounts of RNA used for Northern analysis and cDNA synthe-
sis. In addition, the presence of genomic DNA was excluded by
both DNAse treatment of isolated RNA prior to RT-PCR and
analysis of the size difference between the genomic and cDNA
amplicon of a gstA gene[18] (Genbank accession number


AF425746) from which introns have been excised (data not
shown).


Baculovirus expression of recombinant 4’-PPTase and partial
NRPS (Afpes1TCA)


Both 4’-PPTase- and Afpes1TCA-encoding regions were inde-
pendently transferred into a baculovirus transfer vector (pBlue-
Bac4.5) in order to generate recombinant baculoviruses, each
encoding 4’-PPTase or Afpes1TCA, by cotransfection with linear-
ised baculovirus. A. fumigatus 4’-PPTase was purified from re-
combinant baculovirus-infected insect cells by single-step Ni-
NTA agarose affinity chromatography to yield a soluble protein
of 42 kDa as judged by SDS-PAGE analysis (Figure 3). The yield
of released and soluble 4’-PPTase was calculated to be 0.4 mg
per 108 cells, although it was clear from subsequent analysis
that significant enzyme remained within infected Spodoptera
frugiperda 9 (Sf9) insect cells (data not shown). MALDI-TOF
mass spectrometry was used to verify the identity of the re-
combinant 4’-PPTase (actual/theoretical peptides detected:
8:106 (7.5 %), which represents 16 % sequence coverage). A. fu-
migatus pes1TCA was then purified from recombinant baculovi-
rus-infected insect cells by differential extraction and extensive
washing to yield a protein of 120 kDa as judged by SDS-PAGE
analysis (Figure 3). Lower Mr protein bands present in purified
Afpes1TCA at approximately 38 and 62 kDa, (Figure 3, lane 3)
were reactive with rabbit antisera previously raised against an
E. coli-expressed condensation domain of Afpes1TCA and repre-
sent proteolytic fragments of the parental protein (data not
shown). The yield of recombinant Afpes1TCA was calculated to
be 2–3 mg per 108 cells. Although a His6 affinity tag had been


engineered into the DNA con-
struct, it was not possible to
detect Afpes1TCA on Western
blots with murine monoclonal
anti-His6 antibody (data not
shown). Consequently, expres-
sion of recombinant Afpes1TCA


was confirmed by both MALDI-
TOF mass spectrometry (actual/
theoretical peptides detected:
23:287 (8 %) representing 25 %
sequence coverage) and rabbit
antisera previously raised against
an E. coli-expressed condensa-
tion domain also encoded by Af-
pes1TCA expressed in insect cells
(data not shown).


Functional analysis of 4’-phos-
phopantetheinyl transferase


Functional 4’-PPTase activity was
initially investigated by using an
a-AAR-activation assay previous-
ly described for the assessment
of C. albicans Lys5p, which ex-


Figure 2. Gene-expression analysis of 4’-PPTase and Afpes1 in A. fumigatus. Northern hybridisation (60 mg total RNA
per well) was used to assess 4’-PPTase and Afpes1 expression in fungal cultures ranging from 24–96 h post-inocula-
tion. In addition, Afpes1 expression was evaluated by RT-PCR (1 mg total RNA per cDNA synthesis reaction) over an
identical time period. Culture stationary phase was reached at 72 h. The 4’-PPTase is constitutively expressed at all
time points evaluated. AfPes1 expression, as judged by Northern hybridisation is observed at 24, 48 and 72 h only.
RT-PCR analysis of Afpes1 expression also detects transcripts at 48 and 72 h. RNA from each isolation time point was
applied equally for Northern hybridisation by using ribosomal RNA as loading control.
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hibits 4’-PPTase activity.[7] Figure 4 clearly shows that AAR activ-
ity is detectable in the presence of recombinant Lys2p and
C. albicans CLD2 (Lys2p mutant) extract, which contains a func-


tional 4’-PPTase. When AAR activity is measured after prior in-
cubation of the recombinant C. albicans Lys2p with the puta-
tive A. fumigatus 4’-PPTase, a significant 4.5-fold enhancement
of AAR activity is evident (21.3 % of positive control CLD2 activ-
ity). This observation confirms that the recombinant 4’-PPTase
can activate C. albicans Lys2p in the presence of CoA and sug-
gests a possible role for 4’-PPTase in lysine biosynthesis in
A. fumigatus. Appropriate compensation for background ab-
sorbance (due to CLD2, 4’-PPTase and Lys2p) has been made
in each case, as it was observed that protein addition contrib-
uted to background signals.


NRPS 4’-phosphopantetheinylation by 4’-PPTase


The capacity of recombinant 4’-PPTase to activate non-riboso-
mal peptide synthetases was investigated by coincubation of
4’-PPTase, CoA and recombinant Afpes1TCA, which encodes a


putative thiolation domain (Afpes1 aa residues: 3006–3071),
followed by MALDI-TOF mass spectrometric analysis of the re-
action mixture to detect evidence of 4’-phosphopantetheinyla-
tion. Codigestion of the reaction mixture with both trypsin and
V8 protease was used as trypsin-only digestion generated pep-
tides from the Afpes1TCA thiolation domain that were too large
for reliable analysis (data not shown). In addition, solution-
phase enzymatic digestion was employed to optimise peptide
recovery prior to MALDI-TOF mass spectrometry. It can be seen
from Figure 5 that a peptide with a monoisotopic m/z value of
1009.1, representing 4’-phosphopantetheinylated SFSAMK (the-
oretical m/z = 1009.3), is detected by this analysis, thereby con-
firming that recombinant A. fumigatus 4’-PPTase both recognis-
es and 4’-phosphopantetheinylates the thiolation domain pres-
ent in Afpes1. In the absence of either CoA or recombinant
Afpes1TCA, no modified peptide is detected at the predicted
m/z ratio.


Discussion


Here we report the cloning and functional expression of the
full-length open reading frame encoding an Aspergillus fumiga-
tus 4’-phosphopantetheinyl transferase in the baculovirus-ex-
pression system. In addition, an NRP synthetase in A. fumigatus
(Afpes1), which exhibits unusual domain architecture showing
characteristics of a nonlinear NRP synthetase, has been identi-
fied from A. fumigatus contig 4944. A region of this NRP syn-
thetase (3.7 kb; Afpes1TCA) was expressed and found to under-
go phosphopantetheinylation to the holo-enzyme form follow-
ing activation by 4’-PPTase in the presence of CoA; this sup-
ports the hypothesis that the 4’-PPTase functions to activate an
NRP synthetase by 4’-phosphopantetheinylation.


The A. fumigatus 4’-PPTase that has been investigated is
identical to that previously noted by Mootz et al. and Keszen-
man-Pereyra et al.[8, 9] Although both previous reports speculat-
ed on the function of the 4’-PPTase gene, by comparison to
the A. nidulans orthologue (npgA), definite confirmation that
the A. fumigatus 4’-PPTase was expressed in vivo and func-
tioned as hypothesised, in vitro, has not been available until
now. From phylogenetic analysis, the A. fumigatus 4’-PPTase
was confirmed to be an orthologue of the A. nidulans 4’-


Figure 3. A) SDS-PAGE analysis of recombinant 4’-PPTase and Afpes1TCA from A. fumigatus. Lane M: molecular-weight markers, lane 1: uninfected insect cell lysate
(2.5 � 105 cell equivalents), lane 2: Afpes1TCA recombinant baculovirus-infected Sf9 cells at an MOI 15, lane 3: purified Afpes1TCA, lane 4: 4’-PPTase recombinant bacu-
lovirus-infected Sf9 cells at an MOI 15 and lane 5: affinity-purified 4’-PPTase. In lane 3, the protein bands evident at 38 and 62 kDa were reactive with antisera
raised against the condensation domain in Afpes1TCA (data not shown). B) Western blot analysis of recombinant 4’-PPTase probed with anti-(His)6 monoclonal anti-
body. Lane M: molecular-weight markers, lane 1: 4’-PPTase recombinant baculovirus-infected Sf9 cells at an MOI 15 and lane 2: affinity-purified 4’-PPTase.


Figure 4. a-aminoadipate reductase (AAR) activation by recombinant 4’-PPTase
from A. fumigatus. Activation of C. albicans Lys2p (apo-AAR), by a control ex-
tract (CLD2) containing a C. albicans 4’-PPTase, resulted in a 21-fold increase in
observed AAR activity. Enhancement of AAR activity (4.5-fold) is evident after
prior incubation of the C. albicans Lys2p with the A. fumigatus 4’-PPTase and
represents 21.3 % of positive control CLD2-induced activity. All reactions were
carried out in duplicate and in the presence of 200 mm acetyl CoA.
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PPTase; this suggested common ancestry, and it also showed
similarity to a Bacillus subtilis 4’-PPTase. Moreover, A. fumigatus
4’-PPTase exhibits 25 % identity (37 % similarity) to the human
4’-PPTase (Genbank accession number BC015470) and shares
some significant regions of homology (WxLKExxxK) as previ-
ously noted.[9]


In most organisms there is an individual 4’-PPTase for each
function, however the possible presence of only one 4’-PPTase
in A. fumigatus is not unique, since recent work has identified
and characterised a human 4’-PPTase that appears to exhibit a
broad specificity for all 4’-phosphopantetheinylation reactions
including human (apo-ACP domain for cytosolic fatty acid syn-
thetase (FAS), mitochondrial ACP, a-aminoadipate semialde-
hyde dehydrogenase activation (lysine catabolism)) and non-
human (B. subtilis ACP-A (involved in fatty acid synthesis) and
B. brevis tyrocidine synthetase) apo-enzymes[19, 20] A new type
of 4’-PPTase was also identified in Pseudomonas aeruginosa
that showed association with fatty acid synthesis and sidero-
phore metabolism.[19]


Northern analysis of A. fumigatus 4’-PPTase expression indi-
cates that the gene is constitutively expressed; this strongly
suggests that protein 4’-phosphopantetheinylation is required
for both primary- and secondary-metabolite production in
A. fumigatus. Indeed, the putative role of 4’-PPTase in lysine
biosynthesis (see below), and its role in NRP-synthetase activa-
tion is compatible with this observation.


To date, characterisation of yeast and fungal 4’-PPTases has
primarily focussed on genetic complementation studies in
either S. cerevisiae[8] or A. nidulans[9] as opposed to direct bio-
chemical studies. Guo and Bhattacharjee have developed an
AAR-activation assay to assess 4’-PPTase activity in vitro.[7]


Thus, the potential role of A. fumigatus 4’-PPTase in
lysine biosynthesis was investigated. The in vitro acti-
vation of C. albicans Lys2p (Apo-AAR) by A. fumigatus
4’-PPTase suggests that the enzyme may play a role
in lysine biosynthesis. Although equivalent AAR activ-
ity (4.5-fold activation) in comparison to the positive
control (22-fold activation) was not evident, this
could be accounted for by differences between core
1, 2 and 3 conserved motifs[7] in C. albicans Lys5p (4’-
PPTase) and those present in the A. fumigatus 4’-
PPTase. Moreover, phylogenetic analysis confirms that
the 4’-PPTase encoded by C. albicans clusters to a
separate clade to that of the A. fumigatus 4’-PPTase.


A number of groups have reported the application
of protein mass spectrometry for the determination
of apo-enzyme 4’-phosphopantetheinylation.[20, 22] In
these reports, the substrate proteins exhibited mo-
lecular masses in the order of 11–38 kDa; however,
in the case of baculovirus-expressed Afpes1TCA


(120 kDa), there was concern that protein mass spec-
trometry would not exhibit the required resolution to
confirm 4’-phosphopantetheinylation. Consequently,
the post-phosphopantetheinylation reaction mixture
was enzymatically digested (with trypsin and V8 pro-
tease) prior to peptide mass fingerprinting. As the ex-
pected peptide containing the conserved serine (S)


within the thiolation domain (SFSAMK) had m/z = 670.3 Da,
post-translational modification by the 4’-PPTase was expected
to add an additional 339 Da and result in a peptide of m/z =


1009.3 Da. Our data confirm the presence of the 1009.3 Da
peptide following coincubation of CoA, 4’-PPTase and Afpes1T-


CA under optimal conditions. The confirmation that 4’-PPTase
can 4’-phosphopantetheinylate a thiolation domain of an NRP
synthetase is highly significant as it strongly indicates that at
least one NRP synthetase encoded by the A. fumigatus
genome can be activated, and thereby participate in non-ribo-
somal peptide synthesis in the organism. Until now, no mecha-
nistic evidence of NRP synthesis in A. fumigatus has been forth-
coming, despite the existence of multiple siderophores and
other low-molecular-weight metabolites. Although it is unlikely
that Afpes1 encodes a siderophore (see below), we hypothe-
sise that 4’-PPTase expression and functionality will also be es-
sential for siderophore production in A. fumigatus and so may
represent a key drug target in controlling siderophore produc-
tion with a view to minimising organism virulence.[10, 11] More-
over, the identification of only one 4’-PPTase in A. fumigatus, to
date, that may be involved in multiple 4’-phosphopantetheiny-
lation reactions, makes selective inhibition in the absence of
concomitant inhibition of human 4’-PPTase even more attrac-
tive with a view to anti-A. fumigatus drug therapy in humans.
However, the identification of similar enzymes in A. fumigatus
cannot be completely ruled out at present.


The Afpes1 open reading frame, which extends over
14 300 bp, encodes the first NRP synthetase (predicted protein
relative molecular mass: 460 kDa) to be definitively identified
in A. fumigatus. Furthermore, Northern analysis confirms that
the Afpes1 gene is differentially expressed (transcript size: ca.


Figure 5. MALDI TOF MS analysis of in vitro phosphopantetheinylation by A. fumigatus 4’-
PPTase. Mass spectrum of Afpes1TCA-derived peptide mixture (following codigestion with tryp-
sin and V8 protease). A specific peptide with a monoisotopic m/z value of 1009.1 is evident
and represents phosphopantetheinylated-SFSAMK. In the absence of either 4’-PPTase or CoA
, during the enzymatic reaction, no modified peptide is subsequently detected at the expect-
ed m/z ratio.
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15 kb) at 24, 48 and 72 h post-inoculation when A. fumigatus is
grown in liquid culture (5 %, v/v FCS in minimal essential
medium (MEM)). Upon phylogenetic analysis, Afpes1 clusters
with the NRP synthetase (AbrePsy1) from Alternaria brassi-
cae,[15] thus suggesting orthology. Also grouped in the same
clade is the pesA gene of Metarhizium anisopliae.[14] Unfortu-
nately the functions of the NRP synthetase genes of both
A. brassicae and M. anisopliae have yet to be identified, but are
proposed to be involved in destruxin biosynthesis, which is
thought to play a role in the progression of plant disease
mediated by both species.[14, 15] Although it has been proposed
that the NRP synthetase gene of A. brassicae may play a role in
siderophore biosynthesis,[15] particularly since the first adenyla-
tion domain of AbrePsy1 is predicted to encode 5-hydroxyorni-
thine, the clustering of Afpes1 away from a putative Aspergillus
NRP synthetase (A. oryzae sid2; Genbank accession number
AB087617) suggests that this may not, in fact, be the case. A
further difference between both A. fumigatus and Alternaria
genes is that while the Afpes1 gene represents a complete
exonic region, the AbrePsy1 gene contains seven introns. Thus,
while it is possible that Afpes1 may have a similar function to
that of AbrePsy1, orthology does not guarantee similarity of
function, which can change over time.[23]


One striking observation with respect to the structure of
Afpes1 is the arrangement of the individual domains within
the protein: ATCCAATCA. Such NRPSs are referred to as non-
linear (type C), as recently described.[13] The presence of an ad-
enylation domain at the C terminus of an NRP synthetase is
somewhat unusual and suggests that Afpes1 may be involved
in a multisubunit NRPS complex with another synthetase. In-
terestingly, the production of ergot alkaloids containing d-ly-
sergic acid in the fungus Claviceps purpurea occurs through a
cluster of synthetases, namely LPS1 (370 kDa) and LPS2
(140 kDa). These synthetases are encoded by two genes, cpps2
and cpps1, present in a gene cluster. Mechanistically, it has
been shown that d-lysergic acid is initially bound to LPS2
through a thioester bond and that this thioester-bound d-ly-
sergic acid is then transferred to LPS1. Following this, three
condensation reactions into the d-lysergyl mono-, di- and, fi-
nally, tripeptide thioester occur to result in the formation of d-
lysergyl tripeptide lactam. This system of ergot-peptide forma-
tion was the first identified fungal-NRP-synthesis system con-
sisting of different NRP synthesis subunits.[24] Other examples
of type C NRP synthetases include PesA of Metarhizium anisol-
piae and AbrePsy1 of Alternaria brassicae.[14, 15]


The functional assessment of 4’-PPTase activity and the iden-
tification of a novel NRP synthetase provide new insights into
non-ribosomal peptide synthesis in A. fumigatus. In addition,
we postulate that the 4’-PPTase may also play a role in lysine
production within A. fumigatus by activation of key biosynthet-
ic enzymes. Although no definitive role for the NRP synthetase,
Afpes1, has been identified, it may be responsible for toxin
biosynthesis, and work is ongoing in our laboratory to identify
gene function within the ascomycete. Modulation of 4’-PPTase
expression or functionality in A. fumigatus may represent a
novel antifungal target.


Experimental Section


Microorganisms and culture media : Aspergillus fumigatus strain
ATCC 26933 (obtained from the American Type Culture Collection,
Manasas, VA (USA)) was used for this work and was grown at 37 8C
in MEM supplemented with foetal calf serum (FCS; 5 %, v/v) for
48 h in order to facilitate DNA isolation. For gene-expression stud-
ies, in which culture was extended to 96 h, it was observed that
stationary phase was reached after 72 h post-inoculation. Escheri-
chia coli strains Top10’, XL1Blue (Invitrogen, Dublin (Ireland)) and
BL21 (Novagen, Nottingham (UK)) were grown on LB agar (Sigma–
Aldrich, Dorset (UK)) and LB agar containing ampicillin
(100 mg mL�1—chloramphenicol (34 mg mL�1) was also included for
BL21 culture), where appropriate, at 37 8C overnight.


Bioinformatic analyses, genomic DNA isolation and PCR cloning :
Preliminary A. fumigatus sequence data were obtained from The
Institute for Genomic Research website at http://www.tigr.org. By
using the sequence search facility at http://www.tigr.org, the near-
complete A. fumigatus genome was interrogated by using enniatin
synthetase (Genbank accession number Z18755), with a BLAST pro-
gram. Genomic DNA was isolated by crushing A. fumigatus in
liquid N2 followed by phenol/chloroform extraction, washing with
ethanol (70 %, v/v) and final DNA resuspension in Tris-HCl (10 mm),
EDTA (1 mm ; pH 7.4, 300 mL). Genomic DNA (5 mL) was used in all
PCR reactions containing Tris-HCl (10 mm ; pH 9.0), KCl (50 mm),
Triton X-100 (0.1 %, v/v), MgCl2 (1.5 mm), dNTP (200 mm of each),
forward and reverse primer (1.0 mm of each; Afpes1-F: 5’-GAGAGG-
TACCATGTCGGAAGCAACACG-3’ and Afpes1-R: 5’-GAGAGGTACCTT-
ACCAGTCAGCCTC-3’; or 4’-PPTase-F: 5’-GAGAGGATCCATGGGCTC-
TGCACAAAACG-3’ and 4’-PPTase-R: 5’-GAGAAAGCTTGGGCTGTTTT-
TTTATACAC-3’) and Taq polymerase (1 unit) (Promega, Southamp-
ton (UK)) in a total volume of 49.5 mL. AccuTaq LA DNA polymerase
(Sigma–Aldrich) was used to amplify a partial region from Afpes1
only. After incubation at 95 8C for 5 min, all 4’-PPTase and Afpes1
PCR reactions were continued with 35 cycles consisting of 60 s de-
naturation (90 s for Afpes1) at 95 8C, primer annealing at 55 8C for
60 s, extension at 72 8C for 240 s and finally extension for 360 s at
72 8C. PCR-amplified DNA was analysed by agarose gel electropho-
resis whereby product (10 mL) was electrophoresed on agarose
(1 %, w/v) containing ethidium bromide (0.5 mg mL�1) for 30 min at
100 V. Visualisation of the 4’-PPTase- and Afpes1-derived amplicons
was performed by using an “Eagle-Eye II” digital still video system.
Once PCR had been successfully carried out, both amplicons were
individually cloned into the TOPO cloning vector and subsequently
transferred into separate pBlueBac4.5 vectors (Clontech, Palo Alto,
CA) by using standard molecular biology techniques, for expres-
sion in Sf9 cells.


Northern hybridisation and RT-PCR analysis of 4’-PPTase and
Afpes1 gene expression A. fumigatus cultures were harvested at
defined time points (24, 48, 72 and 96 h), mycelia collected,
washed with ice-cold phosphate-buffered saline and total-RNA ex-
tracted by using TRI reagent (Sigma–Aldrich). Northern analyses
(60 mg total RNA per well) were carried out by using 32P-labelled
regions of Afpes1 (NT: 9716–10535) and 4’-PPTase (NT: 1–1123) to
detect relevant transcripts according to standard protocols.[25] RT-
PCR was performed by following cDNA synthesis with Superscript
(Promega; 1 mg RNA per reaction) and relevant PCR primers (see
above).


Construction of recombinant baculovirus encoding 4’-PPTase
and Afpes1TCA : Sf9 insect cells were co-transfected with recombi-
nant transfer vectors and Bsu36 I-linearised BacPAK-6 baculovirus
by using Bacfectin liposomal preparation (Clontech, Palo Alto,
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CA).[24] Well plates containing Sf9 cells were infected with the co-
transfection mixtures, and the TC-100 supernatant was harvested
after 5 days’ incubation at 27 8C. Pure clones of either 4’-PPTase- or
Afpes1TCA-encoding recombinant baculoviruses were identified by
plaque assay.[26]


Antigen expression and purification : Recombinant baculoviruses
encoding the 4’-PPTase and Afpes1TCA genes were individually used
to infect Sf9 cells in monolayer culture at a multiplicity of infection
of 15. Infected cells (5 � 108) were harvested 4 days post-infection.
In each case, SDS-PAGE, Western Blotting and MALDI-TOF mass
spectrometry were used to confirm the presence of 4’-PPTase and
Afpes1TCA. It was observed that while the 4’-PPTase was soluble
and could be isolated from cell pellets by washing with PBS, fol-
lowed by Ni chelate affinity chromatography by elution with imida-
zole (200 mm), a more extensive extraction procedure was required
for Afpes1TCA purification. For Afpes1TCA isolation, cells were lysed
in the presence of protease inhibitors (phenylmethylsulfonyl fluo-
ride (0.1 mm), pepstatin (2 mg mL�1) and leupeptin (2 mg mL�1)) by
the addition of phosphate-buffered saline/sodium deoxycholate
(0.5 %, w/v) and subjected to DNAse (Sigma, Poole (UK)) treatment
(final concentration: 10 mg mL�1), and the insoluble pellet was
washed extensively to remove contaminating proteins.[26] Insoluble
Afpes1TCA was resuspended in guanidinium thiocyanate (0.5–
1.0 mL, 6 m), containing dithiothreitol (5 mm), at a concentration of
3 mg mL�1 and sequentially dialysed against sodium carbonate
(50 mm ; pH 9.4) containing Urea (3 m) and sodium carbonate
(50 mm ; pH 9.4) to produce soluble protein.


Enzyme assays : AAR activation by recombinant 4’-PPTase was de-
termined as described by Guo et al. and Guo and Bhattachar-
jee.[5, 25] Briefly, restoration of AAR activity by 4’-phosphopantethei-
nylation in apo-Lys2p from C. albicans is indicative of 4’-PPTase
activity. Therefore, recombinant A. fumigatus 4’-PPTase activity was
assessed by incubating the enzyme (50 mg per reaction) with re-
combinant Lys2p (100 mg; final volume 500 mL) followed by detec-
tion of AAR activity by determination of DA460nm due to the con-
version of dl-a-aminoadipate to a-aminoadipate-d-semialdehyde.
C. albicans CLD2 lysate (a Lys2p mutant expressing C. albicans 4’-
PPTase) containing 1 mg total protein was used as a positive con-
trol for the reaction. NRPS 4’-phosphopantetheinylation was deter-
mined by incubating Afpes1TCA (100 mg) and 4’-PPTase (10 mg) in
the presence of CoA (100 mm ; reaction volume 100 mL)[26, 27] fol-
lowed by urea denaturation (5 m final) and in-solution double di-
gestion with trypsin and S. aureus V8 protease prior to MALDI-TOF
peptide mass fingerprinting to detect phosphopantetheinylated
peptide species.


MALDI-TOF mass spectrometry : Mass spectrometry was carried
out by using an Ettan MALDI-TOF mass spectrometer (Amersham
Biosciences (Europe), Freiburg (Germany)). Protein samples for pep-
tide mass determination were either i) separated by SDS-PAGE, di-
gested with trypsin or ii) obtained following in-solution enzymatic
digestion and deposited (1 mL) with a-cyano-4-hydroxycinnaminic
acid (1 mL; acetonitrile in aqueous trifluoroacetic acid 5 mg/200 mL
50 %, v/v) onto mass spectrometry slides and allowed to dry prior
to delayed extraction and reflectron TOF analysis at 20 kV.
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Cytostatic Activity of 1,10-Phenanthroline
Derivatives Generated by the Clip-Phen
Strategy
Marguerite Piti�,*[a] Alain Croisy,[b] Dani�le Carrez,[b] Christophe Boldron,[a] and
Bernard Meunier[a]


Introduction


The redox activity of copper complexes of 1,10-phenanthroline
(Cu·Phen or Cu(Phen)2) as artificial nucleases is well known.[1]


These compounds have been used to footprint DNA binding
molecules, to map molecular interaction, and for the prepara-
tion of sequence-specific cleaving molecules, as well as to
study some oxidative DNA-cleavage mechanisms. Since Cu-
(Phen)2 is clearly more active, we have developed Clip-Phen
series containing two Phen moieties linked through tethers at
their C2 or C3 positions in order to favor a stoichiometry of
two phenanthroline units per copper.[2] After complexation
with copper, this strategy allowed the DNA-cleavage activity to
be dramatically increased in relation to that of the Phen parent
compound. The nuclease activity of Clip-Phen was also suc-
cessfully modulated through conjugation to different DNA
binders.[3]


In parallel with these applications as biological tools, a thera-
peutic use of these new ligands can also be considered. The
cytostatic activity of Phen itself being known,[4] we wondered
whether the Clip-Phen strategy could be used to increase the
potential antitumor activity of Phen derivatives. The prelimina-
ry results of these biological evaluations on leukemia cells are
the topic of this publication.


Results and Discussion


The cytostatic and/or cytotoxic properties of the Phen deriva-
tives were evaluated on a L1210 murine leukemia cell line that
can be regarded as a good model for exploring the intrinsic ac-
tivities of these drugs.[5] The IC50 values (drug concentrations
inhibiting cell growth by 50 % after 48 h) are presented in
Table 1.


Linkage effects


We first chose to compare the cytostatic activity of Phen
(IC50 = 2.5 mm) with that of the 3-Clip-Phen series (i.e. , the mol-
ecules without vectorization and with two Phen units linked
through their C3 positions). The 3-Clip-Phen derivatives are the
most active compounds in the DNA-cleavage experiments that
we have previously reported.[4] It appeared that there is no
direct correlation between the nuclease activity and the IC50


value of the same Clip-Phen molecules. For example, 3-Clip-
Phen showed no significant difference from Phen in terms of
IC50 value (1.15 vs. 2.5 mm, respectively), whereas the copper
complex of 3-Clip-Phen is the best DNA cleaver of the Phen-
containing molecules. It is remarkable that 3-propyl-Clip-Phen
(IC50 = 0.25 mm), the analogue of 3-Clip-Phen without the
amine function in the linker, has a clearly higher biological ac-
tivity than Phen itself. This significant and reproducible cyto-
static activity was confirmed by a series of independent experi-
ments performed six months after the first IC50 value had been
measured. This experiment offered a validation of the use of
the Clip-Phen strategy to increase the cytotoxicity of Phen-con-
taining molecules.


Analogues of 3-propyl-Clip-Phen with two to five methylene
groups in the linker (3-ethyl-, -propyl-, -butyl-, or -pentyl-Clip-
Phen: the “3-alkyl-Clip-Phen” series) were prepared. A com-


[a] Dr. M. Piti�, Dr. C. Boldron, Dr. B. Meunier
Laboratoire de Chimie de Coordination du CNRS
205 route de Narbonne, 31077 Toulouse Cedex 4 (France)
Fax: (+ 33) 5-61-55-30-03
E-mail : pitie@lcc-toulouse.fr


[b] Dr. A. Croisy, Dr. D. Carrez
Institut Curie Recherche, INSERM U350, Laboratoire Raymond Latarjet
Centre Universitaire, 91405 Orsay Cedex (France)


The cytostatic activities of a series of twelve 1,10-phenanthroline
(Phen) derivatives and of their copper complexes were studied on
L1210 murine leukemia cells. Large increases in the biological
activity were observed for compounds of the 3-Clip-Phen series,
in which two Phen moieties were bridged at their C3 positions by
an alkoxy linker, the 3-pentyl-Clip-Phen derivative showing an
IC50 value of 130 nm while Phen shows an IC50 value of 2500 nm


under the same conditions. IC50 values seemed to be modulated
not only by the position, the nature, and the length of the linker


of Clip-Phen but also by hydrophobicity. Since copper complexes
of Phen are chemical nucleases and nucleic acids are thus a po-
tential target for these compounds, the corresponding copper
complexes were also studied. Copper complexation of the 3-Clip-
Phen ligands did not increase their biological activities. Attempts
to vectorize 3-Clip-Phen derivatives with a DNA binder such as
spermine or with a cell-penetration peptide failed to increase
their biological activity relative to the original 3-Clip-Phen series.
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pound with a short linker, such as 3-ethyl-Clip-Phen (IC50 =


2.3 mm), has a cytostatic activity similar to that of Phen itself,
whereas the presence of a larger number of methylene units
increased the cytostatic properties. 3-Pentyl-Clip-Phen (IC50 =


0.13 mm), with the longer linker, is significantly more active. A
relationship between the number of methylene groups in the
linker and the 1/IC50 value could be established (Figure 1) and
could further be useful as a parameter for the optimization of
this type of compound. These 3-alkyl-Clip-Phen compounds
also appeared to be more hydrophobic than Phen or 3-Clip-
Phen, and an interesting relationship between calculated
values (log Pcalc) and 1/IC50 values was also observed (Figure 2;
P is the partition coefficient between water and octan-1-ol).
However, under more physiological conditions, all these 3-
alkyl-Clip-Phen compounds exhibit similar hydrophobicity (and
thus lipophilicity), as determined experimentally from their dis-
tribution coefficients between octan-1-ol and phosphate buffer
at pH 7.2 (D7.2 ; Table 1). Similar log D7.2 values of around 2.8
were observed; this suggests that these Clip-Phen molecules


are 500 to 700 times more solu-
ble in octan-1-ol than in phos-
phate buffer at physiological
values (pH 7.2).


In order to investigate wheth-
er the hydrophilic primary amine
group on the linker of 3-Clip-
Phen could explain its low bio-
logical activity (IC50 = 1.15 mm,
log D7.2 = 2.0, log Pcalc = 2.47), the
corresponding more hydropho-
bic acetamido derivative 3-ace-
tyl-Clip-Phen was prepared and
evaluated (Table 1). The presence
of the acetyl group on 3-acetyl-
Clip-Phen did not increase the
biological activity (IC50 = 5 mm,
log D7.2 = 2.3, log Pcalc = 2.80), so
correlation between log Pcalc (or
log D7.2) and IC50 values in this
study should be limited only to
the 3-alkyl-Clip-Phen series.


In order to determine whether
part of the cytostatic activity of
these Clip-Phen derivatives was
related to the presence of alkoxy
substituents at the C3 positions
of the phenanthroline units,
simple phenanthroline molecules
with one (3-methoxy-Phen) or
two methoxy groups (3,8-di-
methoxy-Phen) were prepared
and evaluated. The IC50 values of
these two molecules are 1.5 mm


and 1.4 mm, respectively, in the
same range as the IC50 value of
Phen itself (IC50 = 2.5 mm). These
data suggest that the covalent


linkage of the two Phen entities effected in the Clip-Phen strat-
egy is responsible for the increased cytostatic activity of these
Clip-Phen molecules.


It should be noted that the position of attachment of the
linker on the Phen units appeared to be a key parameter for
modulation of the biological activities of Clip-Phen derivatives.
As one example, 2-propyl-Clip-Phen, the regioisomer of 3-
propyl-Clip-Phen with the linker attached at C2 positions, was
almost totally inactive (IC50>100 mm). Currently we have no
way to explain such a huge difference between the cytotoxici-
ties of these two regioisomers of Clip-Phen.


Conjugation effects


The biological activities of many antitumor molecules have
been efficiently increased through their conjugation to DNA
binders or cell penetration agents.[6] We decided to investigate
such an approach with the Clip-Phen derivatives, since we had
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previously found these molecules to be particularly sensitive to
vectorization when used as DNA cleavers.[3]


The amino group of the serinol linker of 3-Clip-Phen is per-
fectly adapted for making a conjugate with spermine, a natural
polyamine that combines DNA binding activity and cell-pene-
tration properties.[7] A synthetic strategy analogous to that pre-
viously optimized for the preparation of the 2-Clip-Phen-sper-
mine isomer was used.[3] Control experiments with the copper
complex of this 3-Clip-Phen-spermine ligand showed a large


increase in its nuclease activity relative to the 3-Clip-Phen com-
plex in the classical cleaving activity evaluation on FX174
DNA,[2, 3a, c] confirming that the vectorization increased the affin-
ity for DNA, a potential target (results not shown). However,
the IC50 value observed for 3-Clip-Phen-spermine (IC50 = 12 mm,
Table 1) is worse than that of 3-Clip-Phen itself (IC50 = 1.15 mm)
or that of 3-acetyl-Clip-Phen (IC50 = 5 mm), which also has an
amide function. The IC50 value observed for 3-Clip-Phen-sper-
mine was in fact close to that of free spermine (IC50 = 9 mm ;
Table 1).


Cell uptake of pharmacologically active molecules has been
significantly enhanced by conjugation to (Arg)9, a nonapeptide
derived from HIV tat protein.[8] We prepared the conjugate of
3-Clip-Phen with the unmodified (Arg)9 peptide to allow the
degradation of the peptide vector after cell uptake, in order to
facilitate the liberation of free 3-Clip-Phen derivative inside the
cells.[8] The conjugation step was performed on the solid sup-
port used during peptide synthesis in a method previously op-
timized for conjugation of Phen or Clip-Phen derivatives to a
peptide analogue of distamycin.[3] Unfortunately, the biological
activity of 3-Clip-Phen-(Arg)9 (IC50 = 1.9 mm) was in the same
range as that of 3-Clip-Phen itself (IC50 = 1.15 mm), indicating
that this type of conjugation with a polyarginine moiety did
not enhance the cytotoxicity activity of 3-Clip-Phen, at least in
the cell system used for this study. Surprisingly, both 3-Clip-
Phen-(Arg)9 and (Arg)9 showed steep slopes for the variation of
their cytostatic activities as a function of the concentration dif-
ference (see Figure 3 A), whereas all the other tested com-
pounds exhibited a classical dependence for the cytostatic
activity/concentration curves (see the case of 3-Clip-Phen and
the corresponding copper compound in Figure 3 B). For exam-
ple, 1 and 5 mm of 3-Clip-Phen-(Arg)9 inhibited 20 and 100 % of
the cell proliferation, respectively (Figure 3 A). The biological
mode of action of this peptide conjugate (and the correspond-
ing copper complex) was probably different from the mode of
action of the others.


These results obtained with 3-Clip-Phen conjugates indicate
that the vectorization does not really increase the cytostatic
activities of 3-Clip-Phen derivatives, even though their biologi-
cal mode of action is probably changed.


Table 1. Antiproliferative activity on L1210 cell line and partition (P) or
distribution (log D7.2) coefficients.


IC50 L1210 [mm] cell Partition coefficient
growth inhibition octan-1-ol/aqueous


phase
Compound alone with copper[a] log D7.2


[b] log Pcalc
[c]


Phen 2.5 0.7 1.8 1.78�0.22
3-Clip-Phen 1.15 1.65 2.0 2.47�1.04
3-ethyl-Clip-Phen 2.3 2.7 2.8 3.80�1.13
3-propyl-Clip-Phen 0.25 0.3 2.7 4.25�1.04
3-butyl-Clip-Phen 0.17 0.23 2.8 4.68�1.04
3-pentyl-Clip-Phen 0.13 0.14 2.8 5.09�1.04
3-acetyl-Clip-Phen 5 10 2.3 2.80�1.09
3-methoxy-Phen 1.5 1.7 2.2 2.13�0.73
3,8-dimethoxy-Phen 1.4 1.6 2.4 2.47�1.24
2-propyl-Clip-Phen >100 2 3.2 4.84�0.39
3-Clip-Phen-spermine 12 21
spermine 9 6
3-Clip-Phen-(Arg)9


[d] 1.9 2.2
(Arg)9


[d] 70 70
CuCl2 – >100


[a] Compounds were preincubated with one equivalent CuCl2 before ad-
dition to cell cultures. [b] Log values of distribution coefficient of unmet-
alated ligands between octan-1-ol and sodium phosphate buffer (0.1 m,
pH 7.2). [c] Calculated for unmetalated ligands from www.acdlabs.com.
[d] Control experiments carried out in the presence of TFA—the counter-
ion of 3-Clip-Phen-(Arg)9 and (Arg)9—at 1 mm concentration showed no
effect of TFA on the cell proliferation under the experimental conditions
used.


Figure 1. Relationship between the linker lengths of 3-alkyl-Clip-Phen deriva-
tives and the antiproliferative activity on the L1210 cell line.


Figure 2. Relationship between the log Pcalc values of 3-alkyl-Clip-Phen deriva-
tives and their antiproliferative activity on the L1210 cell line.


688 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 686 – 691


M. Piti� et al.



www.chembiochem.org





Copper complexation effects


An antitumor drug such as bleomycin is active and behaves as
a DNA cleaver after complexation with a redox-active metal
(iron or copper) and is used therapeutically in the form of
metal complexes.[9] We have previously shown that Phen-con-
taining molecules such as Clip-Phen derivatives are obvious
chelating agents and show strong nuclease activity with re-
spect to double-stranded DNA.[3] Consequently the cytostatic
activity of Cu-Clip-Phen compounds after metalation with one
equivalent of CuCl2 was studied.


Metalation was monitored by UV-visible spectrophotometry
and mass spectrometry. In the case of the Cu-3-Clip-Phen-sper-
mine complex, absorbance typical of copper(ii) complexes of
3-Clip-Phen derivatives was observed (particularly the lmax at
284 nm and the metal-centered band at 745 nm, whereas lmax


for the unmetalated compound is at 276 nm).[2c] This suggest-
ed that it was the 3-Clip-Phen part of the conjugate that was


metalated. However controls showed that unconjugated sper-
mine also complexed copper but clearly differently (metal-cen-
tered band at 595 nm). Metalation of the 3-Clip-Phen part of 3-
Clip-Phen-(Arg)9 was also observed as a metal-centered band
at 700 nm whereas (Arg)9 in the presence of copper showed
no absorbance in the visible part of the spectrum.


Whereas copper complexation of Phen moderately increased
the cytostatic activity of Phen (Table 1), no significant variation
in the cytostatic activities was observed in the case of the Cu-
3-Clip-Phen complexes (Table 1 and Figure 3). Surprisingly,
however, the cytostatic activity of 2-propyl-Clip-Phen (IC50>


100 mm for the free ligand) was greatly increased after copper
complexation (IC50 = 2 mm) ; this again showed that a minor var-
iation such as the linker attachment position can induce large
variation in the biological properties of Clip-Phen derivatives.


The encouraging data obtained with 3-alkyl-Clip-Phen li-
gands, in comparison with the quasi-absence of activity of the
C2 regioisomers, represent a strong incentive to elucidate the
mechanism of action and the pharmacological target(s) of
these rather simple molecules with no chiral centers.


Conclusion


Some 3-Clip-Phen derivatives exhibit cytostatic activities (IC50


values) on leukemia cells ranging from 130 nm to 250 nm, sig-
nificantly below the threshold of Phen itself (IC50 = 2.5 mm).
These preliminary biological data support the relevance of the
Clip-Phen strategy that we adopted a few years ago in order
to develop the biological activity of Phen-containing mole-
cules. Comparison of IC50 values obtained with different Clip-
Phen derivatives indicates that the biological activity is strong-
ly modulated by structural parameters (Scheme 1). The posi-
tion of attachment of the linker and its chemical composition
appeared to be particularly important. Significant cytostatic ac-
tivity was observed for 3-pentyl-Clip-Phen, an easily prepared
molecule (only two synthetic steps are necessary for its prepa-
ration). This molecule is a good candidate for further pharma-
cological and toxicological in vivo studies and for investiga-
tions to identify its pharmacological target.


Scheme 1. Structure–activity relationship parameters defined during this study.


Figure 3. Examples of cytostatic activity on L1210 cells. A) 3-Clip-Phen-(Arg)9


alone (*) or after preincubation with one equivalent of CuCl2 (*). B) 3-Clip-
Phen alone (*) or after preincubation with one equivalent of CuCl2 (*). Note
the steeper slope observed in the case of A), although all compounds show
similar IC50 values (determined at 24 h).
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Experimental Section


General remarks : 3-Clip-Phen,[2a] 3-Clip-Phen-COOH,[3b] 3-acetyl-
Clip-Phen,[2c] 3-ethyl-Clip-Phen,[2c] 3-propyl-Clip-Phen,[10] 3-butyl-
Clip-Phen,[2c] 3-pentyl-Clip-Phen,[2c] 2-propyl-Clip-Phen,[2c] 3-meth-
oxy-1,10-phenanthroline,[10] and 3,8-dimethoxy-1,10-phenanthro-
line[10] were synthesized by literature procedures.


Proton NMR spectra were recorded on a Bruker 250 MHz instru-
ment. The ESI-MS spectrometer used was a Perkin–Elmer SCIEX
API 365 in positive mode; samples were introduced into the elec-
trospray source with a Harvard Apparatus syringe pump. UV/Vis
spectra were recorded on a Hewlett–Packard 8452 A diode array
spectrophotometer. DMF was dried over 4 � molecular sieves.
Other commercially available reagents and solvents were pur-
chased from standard chemical suppliers and were used without
further purification.


3-Clip-Phen-spermine : N-Methylmorpholine (0.55 mL, 5.0 mmol),
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluoro-
phosphate (133 mg, 0.3 mmol), and 1-hydroxybenzotriazole
(73 mg, 0.54 mmol) were added to 3-Clip-Phen-COOH (55 mg,
0.1 mmol) in dry DMF (11 mL). After 30 min at 50 8C, this mixture
was added over 20 min to a solution of spermine (412 mg,
2.12 mmol) in water (11 mL) and stirred at 55 8C for 15 h. The reac-
tion mixture was diluted with water (14 mL) and extracted with
CH2Cl2 (3 � 25 mL). The organic phase was dried on sodium sulfate
and the volume was reduced prior to precipitation of 3-Clip-Phen-
spermine with diethyl ether (15 h at �10 8C) as a pale brown
powder (26 mg, 36 mmol, 20 %). 1H NMR (250 MHz, [D6]DMSO): d=
1.59 (m, 4 H), 1.78 (m, 4 H), 2.50 (m, 4 H), 3.24 (m, 2 H), 2.6–3.0 (m,
10 H), 4.60 (d, 3J(H,H) = 5 Hz, 4 H), 4.84 (m, 1 H), 7.80 (dd, 3J(H,H) = 8,
5 Hz, 2 H), 7.96 (t, 3J(H,H) = 5 Hz, 1 H), 8.01 and 8.06 (AB, 3J(H,H) =
9 Hz, 2 � 2 H), 8.16 (d, 4J(H,H) = 3 Hz, 2 H), 8.44 (d, 3J(H,H) = 5 Hz,
1 H), 8.54 (dd, 3J(H,H) = 8 Hz, 4J(H,H) = 2 Hz, 2 H), 8.99 (d, 4J(H,H) =
3 Hz, 2 H), 9.16 ppm (dd, 3J(H,H) = 5 Hz, 4J(H,H) = 2 Hz, 2 H); UV/Vis
(DMSO): l (e) = 238 (62 500), 274 (44 300), 294 (sh, 25 300), 328
(7400), 342 nm (4800 m


�1 cm�1) ; MS (ES, positive mode): m/z =
732.5 [M+H]+ .


3-Clip-Phen-(Arg)9 : The nonapeptide was synthesized by solid-
phase techniques by use of commercially available Fmoc amino
acids. The coupling reaction with the Clip-Phen moiety was also
conducted on solid phase on a 0.05 mmol scale (128 mg of
FmocR1···R9-HMP, 1 equiv). 3-Clip-Phen-COOH (137 mg, 0.25 mmol,
5 equiv) was activated with 1-hydroxy-7-azabenzotriazole (34 mg,
0.25 mmol, 5 equiv)/diisopropylcarbodiimide (32 mg, 0.25 mmol,
5 equiv) in DMF (1 mL). This mixture was added to the resin once
the Fmoc protecting group on the N-end had been removed by
TFA and shaking for 15 h at room temperature. After cleavage of
the solid support and deprotection, the product was purified by re-
versed-phase HPLC (aquapore C8 RP column (10 � 220 mm), A =
H2O, 0.1 % TFA; B = 25 % H2O, 75 % CH3CN, 0.1 % TFA; 5 min 15 % B
isocratic conditions, then linear gradient to 40 % B over 40 min).
The chromatogram was monitored at 214 nm, and the retention
time of the product was 26 min. It was then lyophilized to give 3-
Clip-Phen-(Arg)9·11 TFA (72 mg, 0.022 mmol) as an orange solid.
The purity of the product was estimated as over 94 % by HPLC
analysis. UV/Vis (H2O): l (e) = 204 (77 700), 232 (73 700), 272
(42 600), 296 (sh, 19 800), 330 (4600), 344 nm (3100 m


�1 cm�1) ; MS
(ES, positive mode) m/z = 1953.1 [M+H]+ , and major peaks ob-
served at: 841 [M+3 H+5 TFA]3 + , 603.1 [M+4 H+4 TFA]4 + , 482.6
[M+5 H+4 TFA]5 + .


In vitro screening : L1210 cells (mouse leukemia, ATCC CCL219),
were cultivated in DMEM (Dulbecco’s MEM) supplemented with


10 % fetal calf serum. Exponentially growing cells were seeded in
microwell plates (24 � 1 mL) at 105 cells per well and incubated for
24 h. After that time, the cell density was approximately 3 � 105


cells per well and tested compounds were added in triplicate at
various concentrations as water or DMSO solutions to a maximum
percentage of 0.5 % DMSO per well (day 1). Control wells received
0.5 % DMSO only. After a further 24 h of incubation (day 2), cells
were counted with a Coulter-Counter ZM instrument (Coultronics
Inc.). The dose inhibiting the growth by 50 % (IC50 value) was inter-
polated from regression curves obtained with experimental points
without significant toxicity. The toxicity was determined from the
decrease in the number of cells at day 2 in relation to day 1.


All incubations were carried out at 37 8C in a water-jacketed CO2


incubator (5 % CO2, 100 % relative humidity).


For experiments in the presence of copper, stock solutions of
ligand (200 mL, 10 mm) were metalated by addition of CuCl2


(1 equiv, 2 mL of a solution of CuCl2 (1 m) were added). They were
added to cell cultures after 2 h.


Copper complexes characterization : Controls showed that the
free ligands and the copper complexes of Phen, 3-Clip-Phen deriv-
atives, and 2-propyl-Clip-Phen showed the same absorbance in
DMSO (used here) as in the methanol or water previously used for
their characterization.[2c] For these compounds, metalation was
thus monitored by spectrophotometry.


Characteristics of other compounds not published before are:


3-Methoxy-1,10-phenanthroline :[10] UV/Vis (DMSO): l (e) = 272
(27 200), 294 (sh, 13 400), 304 (sh, 8600), 314nm (sh, 3700),329
(3000), 344 nm (2300 m


�1 cm�1).


3-Methoxy-1,10-phenanthroline·CuCl2 : UV/Vis (DMSO): l (e) = 284
(26 900), 325 (sh, 9300), 333 (sh, 7900), 347 (sh, 3400), 750 nm
(70 m


�1 cm�1) ; MS (ES, positive mode): m/z = 308.2 (monocation,
[M�Cl]+), 273.0 (cuprous complex); complexes of the [(3-methoxy-
1,10-phenanthroline)2Cu]+ (m/z = 483.6) and [(3-methoxy-1,10-phe-
nanthroline)2CuCl]+ (m/z = 510.3) types were also observed in the
spectrum.


3,8-Dimethoxy-1,10-phenanthroline :[10] UV/Vis (DMSO): l (e) = 280
(21 600), 299 (sh, 16 100), 312 (sh, 11 700), 324 nm (sh, 4600), 339
(4800), 356 nm (5000 m


�1 cm�1).


3,8-Dimethoxy-1,10-phenanthroline·CuCl2 : UV/Vis (DMSO): l (e) = 290
(24 000), 339 (sh, 12 000), 360 (sh, 7000), 750 nm (30 m


�1 cm�1) ; MS
(ES, positive mode): m/z = 338.2 (monocation, [M�Cl]+) ; complexes
of the [(3,8-dimethoxy-1,10-phenanthroline)2Cu]+ (m/z = 543.4) and
[(3,8-dimethoxy-1,10-phenanthroline)2CuCl]+ (m/z = 572.4) types
were also observed in the spectrum.


3-Clip-Phen-spermine·CuCl2 : UV/Vis (DMSO): l (e) = 284 (42 700), 324
(sh, 14 600), 332 (sh, 12 400), 347 (sh, 6100), 745 nm (80 m


�1 cm�1) ;
MS (ES, positive mode): m/z = 794 (cuprous complex).


Spermine·CuCl2 : UV/Vis (DMSO): l (e) = 595 nm (170 m
�1 cm�1) ;


MS (ES, positive mode): m/z = 456.4 [M�Cl+2 DMSO]+ , 378.3
[M�Cl+DMSO]+ , 300.3 [M�Cl]+ , 264.3 [M�2 � Cl+H]+ .


3-Clip-Phen-(Arg)9·CuCl2 : (ES, positive mode): m/z = 2015.65 (cup-
rous complex), 1008.55 [M�2 Cl]2 + , 672.45 [M�2 Cl+H]3 + .


Metalation of the 3-Clip-Phen part of 3-Clip-Phen-(Arg)9 was also
observed as a metal-centered band at 700 nm, while (Arg)9 in the
presence of copper showed no absorbance in the visible part of
the spectrum. Electrospray mass analysis of (Arg)9 in the presence
of one equivalent of CuCl2 showed unmetalated product as major
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peaks, but traces of mono- and dimetalated products were observ-
able as minor peaks.


Log D7.2 determination : The method was adapted from Zhang
et al.[11] Ligand (2.5 mg) was dissolved in octan-1-ol (2 mL), and
sodium phosphate buffer (2 mL, 0.1 m, pH 7.2) was then added.
After a 3 min vortex at room temperature, followed by centrifuga-
tion for 5 min at 12 000 rpm, the concentration of ligand in each
layer was determined by UV/Vis spectroscopy. Samples from octan-
1-ol layer were repartioned until consistent partition coefficient
values were obtained. The measurement was carried out in dupli-
cate.


Log Pcalc determination : Log Pcalc determination were obtained from
www.acdlabs.com.


Keywords: antitumor agents · copper · cytostatic agents ·
DNA · phenanthroline
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Electrostatic Effects on the Thermodynamics of
Protonation of Reduced Plastocyanin
Gianantonio Battistuzzi, Marco Borsari, Giulia Di Rocco, Alan Leonardi,
Antonio Ranieri, and Marco Sola*[a]


Introduction


Blue copper proteins (cupredoxins) are electron carriers found
in plants and bacteria and contain a four-coordinate copper
ion that switches reversibly between the + 1 and + 2 redox
states.[1–4] For several species, the solvent-exposed metal-
bound histidine (His87 in spinach plastocyanin) protonates and
detaches from the CuI ion at acidic pH values.[5–17] This triggers
conformational changes that lead to the establishment of a
favorable trigonal-planar metal coordination geometry.[6, 11, 14, 16]


Here, we shall refer to the overall process as “acid transition”.
The consequent dramatic increase in the reduction potential of
the copper center disables the protein functionally.[7, 9, 15] There-
fore, the acid transition, which is fully reversible, has been pro-
posed to play a physiological role as a molecular redox
switch.[7, 9, 16] The pKa value of the acid transition in cupredoxins
is remarkably species-dependent, and follows the order: ami-
cyanin @ plastocyanins�phytocyanins @ azurin = rusticyanin.[17]


For the last two species, the transition is not observed even at
pH values as low as 2–3.[16, 18, 19] There is an open debate on the
molecular factors that control the pKa values, which have been
proposed to include sequence features,[5, 9, 20–22] p–p stacking in-
teractions,[7, 9] and solvent accessibility of the metal site.[23]


Gaining insight into the molecular factors that control the
thermodynamics of the transition, which include formation/dis-
ruption of covalent bonds and weak interactions—the latter
also involving solvent reorganization effects—is important for
a deep characterization of the process. This information com-
plements structural and kinetic data. We have previously
shown that the thermodynamic driving force for the acid tran-
sition is enthalpic for the plastocyanins and entropic for the
phytocyanins, whereas amicyanin is an intermediate case in
which both enthalpic and entropic terms favor the transi-
tion.[17]


Here, we report on how the transition thermodynamics are
influenced by electrostatic effects. In particular, we have inves-
tigated some variants of spinach plastocyanin (pc) in which


Leu12 and Gln88 have been replaced with charged residues,
Glu and Lys. These amino acids have been selected because of
their proximity to the Cu-bound His87, which is involved in the
acid transition.[24–26] Gln88 belongs to the acid patch on the
eastern side of the protein and flanks His87, whereas Leu12
belongs to the hydrophobic patch on the northern side of the
protein and is located exactly above the metal site, facing
His87. Most importantly, the present mutations have been
shown not to alter appreciably protein folding and the coordi-
nation features of the copper site.[26, 27] They are, therefore,
appropriate means for probing electrostatic effects.


Results


Recombinant wild-type (wt) spinach plastocyanin and its L12E,
L12K, Q88E, and Q88K mutants feature reduction potentials
(E8’) of + 0.410, + 0.393, + 0.425, + 0.369, and + 0.393 V (vs.
standard hydrogen electrode), respectively, at pH 7 and
25 8C.[26] For all species, E8’ increases linearly upon lowering of
the pH below 6, with a slope of approximately 50–60 mV per
unit change in pH (Figure 1). This behavior indicates that Cu2 +


reduction is coupled to a protonation process at the active site
that involves the solvent-exposed Cu-binding His residue,
which detaches from the metal.[9, 15, 17, 23, 28] The low-pH region of
the E8’/pH profiles was fitted to the following single acid–base
equilibrium equation, which applies to the above condi-
tions:[17, 23, 29]


[a] Prof. Dr. G. Battistuzzi, Prof. Dr. M. Borsari, G. Di Rocco, A. Leonardi,
Dr. A. Ranieri, Prof. Dr. M. Sola
Department of Chemistry and Centro SCS
University of Modena and Reggio Emilia
Via Campi 183, 41100 Modena (Italy)
Fax: (+ 39) 059-373-543
E-mail : sola.marco@unimore.it


The L12E, L12K, Q88E, and Q88K variants of spinach plastocyanin
have been electrochemically investigated. The effects of insertion
of net charges near the metal site on the thermodynamics of pro-
tonation and detachment from the copper(i) ion of the His87
ligand have been evaluated. The mutation-induced changes in
transition enthalpy cannot be explained by electrostatic consider-
ations. The existence of enthalpy/entropy (H/S) compensation
within the protein series indicates that solvent-reorganization ef-
fects control the differences in transition thermodynamics. Once


these compensating contributions are factorized out, the result-
ing modest differences in transition enthalpies turn out to be
those that can be expected on purely electrostatic grounds.
Therefore, this work shows that the acid transition in cupredoxins
involves a reorganization of the H-bonding network within the
hydration sphere of the molecule in the proximity of the metal
center that dominates the observed transition thermodynamics
and masks the differences that are due to protein-based effects.
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where E8’lim is the E8’ limit value at high pH, and Ka (apparent,
being measured at finite ionic strength) is the His proton dis-
sociation constant for the reduced protein. Because of the de-
terioration of the voltammetric signals at low pH, measure-
ments could not be performed below pH 3.5–4.


For all species, the pH dependence of E8’ was measured at
different temperatures in the range 5–35 8C. As an example,
the families of E8’ versus pH curves for wt plastocyanin and its
Q88E variant are shown in Figure 2. Similar behaviors have
been observed for all the other mutants. The corresponding
van’t Hoff plots are invariably linear and feature slopes that are
in some cases remarkably different (Figure 3). The transition
thermodynamics have been evaluated by using the integrated
van’t Hoff equation:


pK a ¼
DHo0AT


2:3 R
1
T
�DSo0AT


2:3 R
ð2Þ


To facilitate discussion, it is convenient to refer to the protona-
tion reaction. Therefore, the DH8’AT and DS8’AT values (where AT
stands for acid transition) obtained from the least-squares fits
of the pKa versus 1/T plots to Equation (2) are listed in Table 1
with the sign changed.


The DS8’AT values for the recombinant species are always
positive, whereas the sign of DH8’AT varies. Mutations at both
positions invariably result in a remarkable increase in DH8’AT


and DS8’AT as compared to the wild-type protein. However, the
entropic contributions to the free-energy change of the acid
transition at 298 K (�T298DS8’AT) are linearly correlated to the
enthalpic terms (�DH8’AT; Figure 4), with a slope of �1.04 (r =


0.998). This indicates that these changes almost perfectly com-
pensate, thus resulting in only modest changes in the free
energy of the transition. Since the intervals of variation of the
entropy and enthalpy values are much greater than the experi-
mental errors, this compensation effect is real and has no stat-


Figure 1. pH dependence of the reduction potential for recombinant spinach
plastocyanins : wt (*) ; L12E (&) ; L12K (~) ; Q88E (&) ; Q88K (~). Solid lines are
least-squares fits to Equation (1). T = 298 K.


Figure 2. E8’ versus pH for A) wt spinach plastocyanin and B) its Q88E mutant
at different temperatures in 10 mm phosphate and 100 mm NaCl. T = 5 (*), 10
(&), 15 (~), 20 (!), 25 (^), 30 (open hexagon), and 35 8C (&). The pH values
were corrected for the temperature effects.[41] Solid lines are least-squares fits to
Equation (1).


Figure 3. Apparent pKa values for the acid transition of spinach pc mutants as
a function of 1/T (van’t Hoff plot): wt (*) ; L12E (&) ; L12K (~) ; Q88E (&) ; Q88K
(~). Solid lines are least-squares fits to the data points. Please note that the
transition enthalpies obtained from the slope of these plots refer to the depro-
tonation reaction. Those reported in Table 1 instead refer to the protonation
reaction, hence the signs are reversed.
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istical origin.[30] A similar compensation behavior has been
found previously for a number of native cupredoxins.[17]


Discussion


The acid transition in cupredoxins might or might not occur at
physiologically meaningful pH values depending on kinetic
and thermodynamic factors. The former originate from rota-
tional barriers in the isomerization process, which mainly in-
volve the imidazole ring of the histidine detached from the CuI


ion.[31] The latter include the enthalpic and entropic changes
that are due to covalent-bond breaking/formation, and
changes in weak interactions that accompany the conforma-
tional changes of the polypeptide chain.[32] Other important
contributions come from processes of solvent reorganization
that involve changes in the hydrogen-bonding network within
the hydration sphere of the molecule,[17] which are mainly lo-
calized in the hydrophobic patch that surrounds the solvent-
exposed metal-binding histidine(s), as recently indicated by
molecular-dynamics and -mechanics calculations.[26] The transi-
tion thermodynamics can be split into two terms that separate


the protein-based contributions
(DX8’conf, where X = G, H, S) from
solvent-reorganization effects
(DX8’sol):


[19]


DX o0AT ¼ DX o0conf þ DX o0sol


This approach is the key to inter-
preting the charge effects on
the transition thermodynamics
detected here, which—as rough
data—are difficult to justify. In
fact, several of the changes in
DH8’AT are counterintuitive if
treated with simple electrostatic
considerations. These, in fact,


would predict that a positive
charge disfavors the protonation reaction, thereby inducing an
increase in DH8’AT, whereas a negative charge should induce
the opposite effect. However, while the increase in DH8’AT ob-
served for all mutants, as compared to the wt protein, is in
agreement with the electrostatic expectation when lysines,
which bear a positive charge, are introduced in position 12
and 88, this is not so for glutamic-acid insertion, the carboxylic
side chains of which are characterized by at least a partial neg-
ative charge in the pH range studied. Regarding the mutation-
induced changes in transition entropy, these differ remarkably
and cannot be in any way approached in terms of protein-
based effects.


These difficulties can be handled by exploiting an interpreta-
tive route that starts from the compensation pattern shown in
Figure 4.[17] It has been demonstrated that for solution reac-
tions, especially for those that occur in hydrogen-bonding sol-
vents, solvent-reorganization effects, which are sensitive to the
surface features of the molecule, do not contribute to the free
energy of the overall process because the corresponding non-
zero entropy and enthalpy changes offset each other exactly, at
any temperature (DH8’sol = TDS8’sol ; DG8’sol = 0).[30, 33–36] It follows
that the observation of a compensation pattern for the mea-
sured DH8’AT and DS8’AT values for our protein series indicates
that either both terms are dominated by solvent-reorganiza-
tion effects (namely, DH8’sol>DH8’conf and DS8’sol>DS8’conf) or
that the solvent-based terms are comparable or even smaller
than the protein-based terms, but the latter are highly con-
served within the series. In both cases, however, solvent-reor-
ganization effects dominate the changes in transition enthalpy
and entropy along the series, but, because of compensation,
they do not contribute to DDG8’AT. Therefore:


DDGo0AT ¼ DDHo0AT�TDDSo0AT ¼ DDHo0conf�TDDSo0conf


The term DDS8’conf includes contributions that arise from equili-
bria among different rotamers of the protonated His side
chain,[12] the increased mobility of chain segments in proximity
to the metal site,[16] and formation of an additional H-bond of
the protonated His in reduced plastocyanin.[6] In the present
case, it is reasonable to assume that such structural alterations


Table 1. Thermodynamic parameters for the acid transition (AT), which involves protonation at the metal site, for
mutants of spinach platocyanin (pc).[a]


DH8’AT
[b] DS8’AT


[b] �TDS8’AT
[c] DG8’AT DDG8’AT


[c,d] pKa
[e]


[kJ mol�1] [J K�1 mol�1] [kJ mol�1] [kJ mol�1] [kJ mol�1]
(mutant�wt)


Native pc[f] �47 �77 + 23 �24 4.2
Wild type pc �26 + 6 �2 �28 �4[g] 4.9
L12E + 44 + 250 �75 �31 �3 5.2
L12K + 1 + 93 �28 �27 + 1 4.7
Q88E �18 + 32 �10 �28 0 4.8
Q88K + 22 + 162 �48 �26 + 2 4.6


[a] Values were obtained in 10 mm phosphate buffer, 100 mm sodium chloride. [b] Average error for DH8’AT and
�TDS8’AT values is �2 kJ mol�1. [c] At 298 K. [d] These values would correspond to DDH8’conf (see text). [e] The
error affecting the pKa values is �0.1 pH units (determined from the standard deviation of the data fitting).
[f] From ref. [17] . [g] This value refers to (wt�native).


Figure 4. Enthalpy versus entropy compensation plot at 298 K for the acid
transition in spinach pc mutants. Error bars have the same dimension of the
symbols. Solid lines are least-squares fits to the data points.
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and/or changes in the conformational degrees of freedom of
the molecule hardly contribute to the differences in transition
entropy between the mutants and the native protein. In fact,
the mutated residues, Leu12 and Gln88, are located on the
protein surface, with their side chains protruding toward the
solvent,[24, 26, 27] and their replacement does not significantly
alter the structural properties of the protein environment sur-
rounding the metal.[26, 27] Hence, to a first approximation, the
term DDS8’conf can be neglected. It follows that:


DDGo0AT ¼ DDHo0conf


Therefore, the difference in transition free energy would co-
incide with the difference in transition enthalpy that is due to
bond-formation/breaking processes and changes in the elec-
trostatics at the metal site.


Several considerations apply here. The DDG8’AT (= DDH8’conf)
values (Table 1) are in agreement with simple electrostatic con-
siderations. In fact, the introduction of a negative charge en-
thalpically favors the protonation reaction. This induces nega-
tive DDG8’AT (=DDH8’conf) values, as is the case for the L12E
mutant compared to wt pc and of wt pc compared to native
pc (recombinant wt pc indeed contains an Asp residue in posi-
tion 8 in place of a glycine in the native protein[37]). The oppo-
site effect is observed upon insertion of a positive charge (see
L12K and Q88K). We note that although the individual DDG8’AT


values are comparable to the uncertainty that affects the free-
energy change (Table 1), the above analysis holds for all the
data, with no exceptions. This means that we are observing
significant effects. Analogous results have been obtained from
the analysis of the effects of these mutations on the thermo-
dynamics of the reduction reaction.[26] Moreover, these findings
tell us that the enthalpic balance of the other processes of
bond breaking/formation in the transition is very similar in the
mutated and wt species. Finally, we note that the DDG8’AT (=
DDH8’conf) values are small (or null, as for Q88E). This is rather
surprising if we consider the proximity of the mutated residues
to the metal center, but it is certainly the result of the suppres-
sion of the electrostatic interaction between the solvent-
exposed charge and the metal due to the high dielectric con-
stant of water. The present observations are in agreement with
previous experimental data and theoretical calculations on the
changes in pKa of blue copper proteins due to electrostatics
effects.[38, 39]


In conclusion, this work shows that the acid transition in cu-
predoxins involves a reorganization of the H-bonding network
within the hydration sphere of the molecule in the proximity
of the metal center that dominates the observed transition
thermodynamics but does not contribute to the resulting free-
energy change due to exact H/S compensation. These contri-
butions mask the differences in transition thermodynamics
that are due to protein-based effects, which can be recognized
only after the solvent-based terms are factorized out. The pKa


value of this transition in cupredoxins thus appears to be ulti-
mately controlled only by the features of the coordination
sphere of the copper ion and its immediate environment,
which determine the protein-based enthalpy change. The sol-


vent accessibility of the metal site might play a role as one of
the factors that influence the relative affinity of the imidazole
nitrogen of the C-terminal histidine ligand toward the proton
and the CuI ion. Transition-induced changes in conformational
degrees of freedom of the peptide spacers among the copper
ligands are likely to dominate the modest protein-based entro-
py change.


Experimental Section


Recombinant wt spinach pc and the L12E, L12K, Q88E, and Q88K
mutants were isolated and purified as described elsewhere.[26, 40]


Cyclic voltametry experiments were performed at varying pH and
temperature as described in ref. [17] .


Abbreviations


E8’: standard reduction potential ; DH8’AT, DS8’AT: overall enthalpy
and entropy changes, respectively, for His protonation and associ-
ated conformational change.
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Lipidic Membranes Are Potential “Catalysts” in
the Ligand Activity of the Multifunctional
Pentapeptide Neokyotorphin
S�lvia C. D. N. Lopes,[a] Aleksander Fedorov,[a] and Miguel A. R. B. Castanho*[b]


Introduction


Neokyotorphin (NKT) is a multifunctional pentapeptide (H-Thr-
Ser-Lys-Tyr-Arg-OH; Figure 1) that was first isolated from
bovine brain by Takagi et al.[1] NKT is one of the last peptides
obtained from haemoglobin a-chain hydrolysis and contains in
its C terminus the sequence of the powerful endogenous anal-
gesic neuropeptide, kyotorphin (l-Tyr-l-Arg; KTP).[2] NKT also
possesses neuroactivity, but it has been suggested that differ-
ent analgesic mechanisms are involved in the actions of these
two related peptides.[3] Moreover, NKT is involved in anti-
hibernatic regulation[4] and in stimulating the proliferation of
L929 tumour cells[5] through proposed receptor-mediated pro-
cesses.[6, 7] The interaction of NKT with cell membranes is poten-
tially important to all these biological processes. Sargent and


Schwyzer proposed in their “membrane catalysis” model that
peptides could interact with membrane lipids in order to
adopt the necessary conformation for docking cell receptors.[8]


This way, the molecular mechanism of receptor-mediated proc-
esses is based both on receptor and membrane requirements.
The tyrosine residue’s location and orientation in neuropep-
tides is a crucial factor for both interaction with cell receptors
and biological activity, as observed for enkephalin peptides[9]


for instance. NKT’s phenolic ring exposure and orientation are
therefore very likely to be key requirements for NKT interaction
with receptors and for its biological activity. Moreover, NKT
possesses in its structure two amino acid residues, lysine and
arginine, that are adjacent to the tyrosine residue and are
known to act as peptide anchors in membranes.[10] It is our
goal to report structural information on NKT interactions with
model systems of biological membranes. We have used the in-
trinsic fluorescence of tyrosine to study the location, orienta-
tion and extent of NKT insertion in model membranes systems.
The influence of membrane charge, lipid phase and sterol
presence were investigated.


Neokyotorphin (NKT) is a multifunctional pentapeptide that is
involved in biological functions as diverse as analgesia, antihi-
bernatic regulation and proliferation stimulus of tumour cells.
The interaction of neokyotorphin with cell membranes is poten-
tially important to all these multiple biological processes since re-
ceptor-mediated processes are thought to be involved in neokyo-
torphin action. Sargent and Schwyzer proposed in their “mem-
brane catalysis” model that ligands interact with membrane
lipids in order to adopt the necessary conformation for cell recep-
tors. We have used fluorescence techniques to study the depth,
orientation and extent of incorporation of NKT with model mem-


brane systems (lipidic vesicles). The roles of lipid charge, mem-
brane phase and sterol presence were investigated. The phenolic
ring of tyrosine is located in a shallow position in membranes.
The extent of partition is less in gel crystalline membranes than
in liquid crystalline membranes. Addition of cholesterol causes a
reorientation of the tyrosine ring at the interface of lipidic bilay-
ers. Lipidic membranes meet all the conditions required for
acting as potential “catalysts” in the ligand activity of the multi-
functional pentapeptide NKT, because they modulate the expo-
sure and orientation of the phenolic ring, which is most likely
involved in docking to receptors.


Figure 1. NKT structure: A) tyrosine side chain (phenolic ring), B) threonine side
chain (positively charged N terminus), C) arginine side chain positively charged
(C terminus), D) lysine side chain (positively charged) and E) serine side chain.
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Results and Discussion


NKT absorption and emission spectra in different media are
represented in Figure 2. Except for NKT absorption spectra in
multibilayer systems, all spectra have vibronic progression and


energy ranges that are characteristic of l-tyrosine. A slight ab-
sorption/emission red shift is observed when NKT is in lipidic
systems (Figure 2 and Table 1) or in ethanol; this points to the


fact that the tyrosine in NKT is slightly sensitive to the polarity
of the environment. This is a peculiarity since tyrosine emis-
sion, at variance with tryptophan, is generally rather insensitive
to the local environment. A complex combination of 1) the
ability of phenolic rings to
engage excitonic coupling, as
demonstrated in the phenolic-
related chromophores of Triton
X-100,[11] together with 2) con-
comitant multiple solvent ef-
fects[12, 13] prevents a detailed ex-
planation for the altered vibron-
ic progression with a simultane-
ous small red shift. Phenol ab-
sorption in heptane shows
moderately sharp vibrational
resolution, at variance with
spectra in ethanol.[12] When the


substituents of benzene are polar groups, the fine structure
disappears in polar solvents. The effect of auxochromes (such
as OH) on the fine structure of the 260 nm bands of benzene
is explained in terms of the interaction of the unshared elec-
trons with the benzene nucleus.[12] Peptide clustering and/or
the concealment of the phenolic rings in the membrane result
in the albeit weak vibrational resolution observed in lipidic
multibilayers, compared to its absence in homogeneous so-
lution and lipidic vesicles.


Fluorescence quantum yield (FF) and mean lifetime (t̄) of
NKT both in homogeneous aqueous solution and in the pres-
ence of large unilamellar vesicles (LUVs) are presented in
Table 1. Higher values are obtained when the peptide is in the
presence of lipidic bilayers ; this further demonstrates that the
phenolic ring is interacting with the lipidic vesicles. However
both values are lower than the ones obtained for free l-tyro-
sine in buffer solution.[14] Several authors[15, 16] have suggested
that the fluorescence of an aromatic amino acid side chain can
be quenched by the peptide group as a consequence of a
charge transfer between the excited chromophore (phenol
ring), acting as a donor, and electrophilic units in the amino
acid backbone, acting as acceptors. Moreover, Ross et al,[17]


also observed that, if the phenol side chain is shielded from
solvent and the local environment contains no proton accept-
ors, many intra- and intermolecular interactions result in a re-
duction of the quantum yield.


NKT prefers liquid crystalline to gel crystalline phase sys-
tems; the partition coefficient, Kp, in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) is higher than the Kp in
l-a-dipalmitoylphosphatidylcholine (DPPC) vesicles, (Table 2).
Cholesterol addition to liquid-crystalline-phase systems de-
creases the partition coefficient (Table 2), which is expected
given its condensation effect. Apparently increased negative
surface charge has no significant effect on the binding of NKT
(Table 2). The present study was carried out at pH 4.94 to
ensure that the peptide is positively charged. Electrostatic at-
traction is known to play an important role in the binding of
many positively charged peptides and proteins to negatively
charged bilayers.[18] At pH 4.94 and a salt concentration of
20 mm most of the 1-palmitoyl-2-oleoyl-sn-phosphatidylglycer-
ol (POPG) is fully deprotonated[19, 20, 21] with a �1 net charge in
its polar head group. However, it seems to have no effect,
whatsoever on NKT interaction with lipids. In fact, similar Kp’s


Table 1. Photophysical parameters for NKT in acetate buffer (20 mm,
pH 4.94), ethanol, POPC LUVs (pH 4.94) and POPC multibilayers (pH 4.94);
maximum absorption and emission wavelength (lAbs, lEm), fluorescence
quantum yield (FF) and mean lifetime (t̄).


lAbs, max [nm] lEm, max [nm] FF t̄ [ns]


acetate buffer 275 298 0.03 1.15
EtOH 278 301 – –
LUVs (5 mm) 274 303 0.06 3.27
Multibilayers 278 and 286 303 – –


Table 2. Partition coefficient constant (Kp), Stern–Volmer quenching constant (KSV), second rank order parameter
(hP2i), mean angle (hYi) displacement from the bilayer normal, fraction of the fluorescence intensity emitted by the
peptide incorporated in the membrane (fL) and fraction of the peptide which is accessible to the quencher (fB) in
different lipid systems at pH 4.94.


System Cholesterol Kp � 10�3 KSV � 10�3 [m�1] hP2i hYi fL fB


POPC � 1.98�0.6 0.057 0.641 29.29 0.94 0.94
DPPC � 0.12�0.05 – – – – –
POPG � 2.1�0.4 0.031 0.662 28.34 0.96 0.90


+ 0.31�0.02 5.7�0.8 0.472 36.39 0.78 0.48


� and +, in the cholesterol column denote the absence or presence of cholesterol (33 % molar) in the system
studied, respectively. KI or cholesteryl bromide were used as quenchers in systems without and with cholester-
ol, respectively (lipid concentration = 5 mm, cholesteroltotal concentration = 1.65 mm).


Figure 2. NKT absorption and emission spectra in acetate buffer (20 mm,
pH 4.94, red), ethanol (blue), POPG (3 mm) LUVs (green), POPG multibilayers
(pink) and POPG plus cholesterol multibilayers (orange). Only POPG-containing
systems are represented for the sake of clarity ; similar spectra were obtained
for DPPC systems.
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were obtained for the peptide in presence of negatively
charged membranes (POPG) compared with zwitterionic mem-
branes (POPC). NKT possesses in its structure two charged
amino-acid residues, lysine and arginine, adjacent to the tyro-
sine residue that have flexible apolar long side chains with
charged terminal groups. Interfacial partitioning of lysine and
arginine has been assumed to be relatively favourable due to
the hydrophobic interaction of their methylenes with the
membrane interface, whereas their charged groups would
have unfavourable contributions and interact with the aqueous
phase (“snorkel effect”[10]). Although White and Wimley were
unable to observe this effect in their pentapeptides,[10] inter-
facial partitioning might become predominantly favourable if
peptides have aromatic residues, as is the case for tyrosine
(Figure 3). Threonine and serine make small contributions.[10]


To explain the apparent lack of effect of electrostatic interac-
tions on peptide partitioning in membranes, we propose that
the “additional” uptake of peptides by the lipidic bilayers,
which is due to charge effects, occurs at a very superficial
level ; this leaves the chromophoric phenolic ring totally ex-
posed to the aqueous medium (Figure 4). This subpopulation
of fully exposed chromophores does not make a large contri-
bution to Kp calculation because it does not experience an in-
crease in quantum yield due to binding (i.e. , the fluorescence
quantum yield is similar to unbound NKT). In zwitterionic
lipids, lysine and arginine bury themselves with their aliphatic
chains inside the lipid bilayer, while positioning the charged
group in the aqueous interface of the bilayers (Figure 4 A). This
allowed the phenolic group to penetrate deeper in the lipid
head groups, and therefore resulted in increased fluorescence
quantum yield. In negatively charged bilayers, the positively
charged lateral chains of lysine and arginine become more re-
stricted in their depth location in the bilayer ; this forces the
phenolic ring of tyrosine to a shallower location (Figure 4 B).
The phenolic ring is projected from the plane that includes the


positively charged groups of the molecule. (One can speculate
this would be the negatively charged bilayer plane, Figure 4 B.)


Fluorescence-quenching studies were performed to confirm
the location of NKT’s phenolic ring in the different systems.
Cholesteryl bromide and iodide anions (I�) were used as
quenchers of NKT fluorescence in the presence of bilayers with
or without cholesterol, respectively. The ability or not of the
quenchers to decrease tyrosine fluorescence can be used to
determine the degree of exposure of this amino acid residue
to the aqueous phase or lipidic interface. I� is able to quench
tyrosine residues that are exposed to the aqueous phase. The
bromide quencher in cholesteryl bromide replaces the �OH
group in cholesterol and is putatively at the same depth in the
lipidic bilayers interface. It is thus able to quench phenolic
rings at this depth. If the fluorophore is exposed to the aque-
ous medium, a considerable fraction of the emitted fluores-
cence will be quenched by I� . On the other hand if it is buried
in the lipidic head group interface (i.e. , in the quencher vicini-
ty) quenching by cholesteryl bromide will be effective. The
fraction of fluorescence intensity accessible to each quencher
(fB) was determined by application of the Lerher equation[22] to
the data (Figure 5), whereas the fraction of fluorescence inten-
sity emitted from the lipidic environment (fL) was determined
from Kp as described in ref. [23]. According to the results pre-
sented in Table 2, we can conclude that at lipidic concentra-
tions of [POPC] = [POPG] = 1 mm, almost all of the fluorescence
signal originated from peptides that interacted with lipidic
membranes (fL�1), and fB is close to 1. This means that the
fraction of phenolic rings buried in the membrane is very
small. When cholesterol is added to POPG, its condensation
effect has a severe influence in hindering the insertion of the


Figure 3. Theoretical analysis of partition of NKT into lipidic membranes. &


and ~ denote DGwif and DGwoct, respectively. DGwif is the whole-residue free-
energy balance from water to bilayer interface and DGwoct is the whole-residue
free energy from water to octanol. Octanol is commonly used for measurement
of bulk-phase hydrophobicities.[10] DGwoct<0 denotes a preference of the resi-
due for the membrane interface and DGwif>0 a preference of the residue for
the aqueous environment.


Figure 4. Schematic view of NKT depth location in A) zwitterionic lipids where
the lysine (K) and arginine (R) side chains are able to bury their aliphatic part
inside the lipid bilayer, while positioning the charged group in the aqueous in-
terface of the bilayers. The phenolic group is thus allowed to penetrate deeper
into the lipids’ head group and therefore, has an increased fluorescence quan-
tum yield. B) In negatively charged lipids, where the positively charged lateral
chains of lysine and arginine become more restricted in their depth location in
the bilayer, the phenolic ring of tyrosine (Y) is forced to a shallower location.
T and S are threonine and serine amino-acid residues. + and � denote the
formal charge in each amino acid at pH 4.94.
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phenolic ring in lipidic palissades (therefore Kp and fL decrease).
With cholesteryl bromide as fluorescence quencher, fB/fL = 60 %;
this means that only 60 % of the tyrosine residues in the lipidic
membranes are buried deep in the lipidic head-group inter-
face. The remaining 40 % are very shallow in the membrane.
Therefore, we conclude that there is a high degree of exposure
of the tyrosine ring to the aqueous-phase bulk environment,
both in cholesterol-free and cholesterol-rich lipidic mem-
branes.


Cholesterol plays a role in NKT orientation. The lowest-
energy singlet transition of tyrosine is due to the 1Lb transition,
oriented across the phenyl ring (Figure 6), with an absorption
maximum of approximately 277 nm.[17] For an excitation wave-
length above 260 nm, the electronic absorption and emission
occurs from the same 1Lb state, and orientation of the phenolic
ring can be obtained.[24] The phenolic ring orientation is influ-
enced by the presence of cholesterol (Table 2). The second
rank order parameter suggests that the transition moment is
at an intermediate position between perpendicular and parallel
to the lipidic membrane surface. Although not dramatic, cho-
lesterol seems to increase on average the angle between the
bilayer normal (system director axis) and the phenolic transi-
tion moment. It is not possible to conclude from the data if
this displacement is in-plane (Figure 6 A), out-of-plane (Fig-
ure 6 B) or both.


Conclusion


In spite of its hydrophilic character, the multifunctional penta-
peptide NKT interacts with the models of biological mem-
branes. The observed interaction with membranes’ surfaces
putatively meets the orientational constraints needed for re-
ceptor–ligand interaction. Altered peptide diffusion and pro-
tection from proteolytic processes might be additional out-
comes. A shallow location of the phenolic ring of tyrosine was
concluded, mainly in charged membranes. Phenolic groups are
common in biologically active peptides and are involved in the
interaction with cell receptors (e.g. , enkephalins, endorphins
and related molecules[9]). Exposure and orientation are crucial
for molecular recognition through cellular receptor-mediated
processes, such as the ones proposed for NKT.[4, 5] This study
demonstrates that the phenolic ring of NKT is exposed to re-
ceptor interaction with a well-defined orientation relative to
the bilayer plane. Therefore, the structural requirements
needed for the biological membranes to act as “catalysts” are
met. The “membrane catalyst” hypothesis, which states that
the membrane’s role is to allow ligands to adopt the necessary
docking constraints for cell receptors,[6] is of general accept-
ance and is based mainly on chemical intuition. However, ex-
tensive experimental support for this hypothesis is still lacking.
This paper presents evidence that critical ligand groups might
indeed be exposed and oriented by lipidic membranes, in
order to adopt cellular receptor requirements.


Experimental Section


NKT (Bachem, Switzerland), cholesterol, cholesteryl bromide and 5-
methoxyindole (Sigma, St. Louis, Mo, USA) were 99 % pure. All
lipids were from Avanti Polar Lipids (Alabaster, AL, USA). The sol-
vents were from Merck (Darmstadt, Germany) and of spectroscopic
grade.


UV/Vis absorption measurements were carried out in a Shimadzu
spectrophotometer (model UV-3101 PC).


A spectrofluorimeter SLM-Aminco 8100 equipped with a 450 W Xe
Lamp and double monochromators for both excitation and emis-


Figure 5. Stern–Volmer plot for the fluorescence quenching of NKT by A) choles-
teryl bromide in POPG plus cholesterol (&) LUVs (33 % molar of total sterol–
cholesterol plus cholesteryl bromide) and by B) I� in the presence of POPC (*)
and POPG (~) vesicles.


Figure 6. Angular displacements relative to the director axis (ZZ) might occur
A) out-of-plane or B) in-plane. 1Lb allowed transition in the phenolic ring is
denoted with the horizontal double arrow.
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sion, as well as a quantum counter was used. Excitation and emis-
sion wavelengths were 277 nm and 303 nm, respectively.


Fluorescence decays : Fluorescence-decay measurements were car-
ried out with a time-correlated single-photon counting system. A
frequency doubled, cavity-pumped Rhodamine (Rho) dye laser,
synchronously pumped by a mode-locked Ar+ laser (514.5 nm, Co-
herent Innova 400–10) was used to excite NKT samples at 285 nm.
The emission wavelength was 308 nm. A Hamamatsu R-2809 MCP
photomultiplier was used for detection. A Corion W-305-S filter
was used to prevent excitation light scattering from interfering
with the detected signal.


LUVs were obtained by extrusion[25] with NKT and lipid concentra-
tions of 7 � 10�5


m and 5 mm, respectively. Data treatment was as
described in ref. [26] . Fluorescence decays were complex and are
described by a sum of three exponentials. The mean lifetime, was
obtained from:[14]


�t ¼
P


ait
2
iP


aiti


ð1Þ


Partition studies : Partition studies were carried out in LUVs by
using different lipid or lipid plus cholesterol concentrations (up to
5 mm), with a peptide concentration of 7 � 10�5


m. Fluorescence in-
tensity was measured at lexc = 277 nm and lem = 303 nm. The mea-
sured fluorescence intensity, If, is a balance between the fluores-
cence intensity of the peptide in bulk aqueous phase (IW) and pep-
tide inserted in the lipidic matrix (IL) [Eq (2)] .[23] The weight factors
in this balance depend on the partition coefficient, Kp, which was
calculated as a fit parameter in a nonlinear-regression methodolo-
gy and is dimensionless (Figure 7). gL denotes the molar volume of
the lipid used, and has the reciprocal unities used for the lipid
concentration.


If


IW
¼ 1þ K pgL½L�ðIL=IWÞ


1þ K pgL½L�
; K p ¼


½NKT�L
½NKT�W


ð2Þ


(Here [L] is the lipid concentration; subscripts L and W in [NKT]
refer to the lipidic and bulk aqueous media, respectively).


The fraction of the fluorescence intensity emitted by the peptide
incorporated in the membrane (fL) can be calculated from:[23]


f L ¼
ðIL=IWÞK pgL½L�


1þ ðIL=IWÞK pgL½L�
ð3Þ


Details regarding this methodology can be found elsewhere.[23]


Quenching studies : Quenching studies were performed in order
to study the depth of NKT’s phenolic ring in LUVs with or without
cholesterol. In systems without cholesterol, quenching studies
were performed by adding small aliquots of KI (0.1 m) to the sus-
pension of LUVs with previously added NKT. In systems containing
cholesterol, NKT fluorescence (peptide final concentration 7 �
10�5


m) was quenched by cholesteryl bromide in LUVs (prepared
by extrusion as in ref. [25]) of lipid plus cholesterol with increasing
concentrations of cholesteryl bromide. The bromide (quencher) re-
places the �OH group in cholesterol and is putatively at the same
depth in the lipidic bilayer’s interface. Briefly, in both cases, the
methodology to ascertain the location of the phenolic ring is
based on the dependence of the apparent quenching efficiency on
the local concentration of the quencher in the vicinity of the fluo-
rophore. If quenching with I� and/or cholesteryl bromide occurs,
the location of the fluorophore exposed to the bulk phase and/or
inserted in the interface (i.e. , in the quencher vicinity) can be infer-
red. Data treatment was as described in ref. [27]. All values of
quencher concentration shown in the figures refer to its effective
concentration (calculated by means of Equation AI.6 in ref. [28]).
Fluorescence intensity was measured with excitation and emission
wavelengths of 277 nm and 303 nm, respectively.


The simplest model that describes dynamic or static fluorescence
quenching leads to linear Stern–Volmer plots:


I0


I
¼ 1þ K SV½Q� ð4Þ


Here I0 and I denote the fluorescence intensities in the absence
and presence of quencher, respectively, KSV is the Stern–Volmer
constant and [Q] is the quencher concentration.


However, nonlinear Stern–Volmer plots can also be observed when
there are multiple classes of fluorophores in solution.[28] Consider-
ing that there is a fluorophore population protected from contact
with the quencher (A) and a population that is accessible to it (B),
quenching data can be analyzed by means of a direct fit of the
Lehrer equation:[19]


I0


I
¼ 1þ K SV½Q�
ð1þ K SV½Q�effÞ � ð1�f BÞ þ f B


ð5Þ


where


f B ¼
IB
0


I0


ð6Þ


[Q]eff is the effective quencher concentration in the membrane, and
IB
0 is the fluorescence intensity of the fluorophores B in the absence


of the quencher. KSV has units of reciprocal concentration.


A more detailed description of the interpretation of quenching
results can be found in ref. [27] .


UV/Vis linear dichroism studies : Samples of aligned lipid multi-
bilayers, with or without cholesterol, were obtained by semidehy-
dration of liposomes, as described in ref. [24] . The final molar
ratios of lipid to NKT and lipid/cholesterol/NKT were 2.5:1 and
1.5:1:1.


UV/Vis absorption and fluorescence measurements were carried
out as described in ref. [21] . Namely, second rank order parameters,
hP2i, were obtained from electronic absorption in aligned multi-


Figure 7. Partition curve of NKT in POPC (&) and DPPC (~). Solid lines represent
the fitting of Equation (2) to the data.
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bilayers. hP2i is obtained through the dichroic ratio calculated from
Equation (7):


sinðyÞAy


Ap=2
¼ 1þ 3 hP2i


ð1�hP2iÞn2
cos2ðyÞ ð7Þ


Details regarding this methodology can be found elsewhere.[24]
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Potentiometric Detection of Single Nucleotide
Polymorphism by Using a Genetic Field-effect
transistor
Toshiya Sakata and Yuji Miyahara*[a]


Introduction


Many types of solid-state biosensors have been developed by
combining biotechnology and semiconductor technology. In
particular, fabrication and detection technologies in the field of
biochips able to detect and monitor specific binding of bio-
molecules in a parallel way on solid-state substrates have ad-
vanced during the past 15 years.[1–4] Several types of DNA
chips and DNA microarrays for gene expression and genotyp-
ing analyses have been developed, and some of them are
used in the field of molecular biology, in the pharmaceutical
industry, and in clinical research. While the fluorescent detec-
tion method is widely used for DNA chips and DNA micro-
arrays,[5–8] several other methods to detect biorecognition
events on the devices—such as chemiluminescence,[9] surface
plasmon resonance (SPR),[10] quartz crystal microbalances
(QCMs),[11] and electrical current[12, 13]—have also been devel-
oped. Although fluorescent image analysis is suitable for paral-
lel detection of dense arrays of oligonucleotide spots, it needs
expensive optics and instruments with complicated data analy-
sis algorithms. A simpler, more reliable, and inexpensive
method and device would be required for the platform used in
clinical diagnostics. For genetic analysis in clinical diagnostics,
single nucleotide polymorphisms (SNPs) are the most common
form of DNA variation in humans, and these are important
markers in “tailored medicine”. An extensive collection of SNPs
would serve as a valuable resource for the discovery of the ge-
netic factors that affect disease susceptibility and resistance.
The development of SNP genotyping based on this informa-
tion has proceeded through the use of diverse methods in
recent years[14–21] and should enable clinicians to determine
which pharmacological agent would be most effective for
treating a given patient’s condition.[22]


Recently, field effect devices have been used for electro-
chemical detection of hybridization events on a solid sur-
face.[23–29] Since DNA molecules in aqueous solution are nega-


tively charged, the amount of negative charge at the gate sur-
face increases as a result of hybridization, and the charge-den-
sity change is transduced into an electrical signal by the field
effect. On this principle, point mutation analysis using the PCR
products amplified with allele specific primers has been carried
out.[30] In this case, overall specificity was determined through
that of the allele-specific PCR. In this study we report the de-
tection of single nucleotide polymorphism by use of a field-
effect transistor in combination with allele-specific oligonucleo-
tide hybridization. The temperatures during the hybridization
and washing processes were maintained at their optimum
values, depending on the melting temperature of the allele-
specific oligonucleotide probe, in order to increase specificity.
One of the unique features of our method is that it also utilizes
DNA binders such as intercalators as charged species, since
they are ionized and positively charged in aqueous solutions,
while they are usually used as fluorescent dyes in the field of
molecular biology.[31–35] Molecular recognition events such as
hybridization and specific binding of DNA binders on the gate
of the FET were successfully detected as shifts in the threshold
voltage.


Principle of the genetic field-effect transistor


The principle of the genetic FET is based on detection of
charge-density change, induced by specific binding of DNA
molecules, at the gate surface (Figure 1). Oligonucleotide
probes are immobilized on the surface of the gate insulator,
and the genetic FET is immersed in a measurement solution


[a] Dr. T. Sakata, Dr. Y. Miyahara
Biomaterials Center, National Institute for Materials Science
1-1 Namiki, Tsukuba, Ibaraki 305-0044 (Japan)
Fax: (+ 81) 29-860-4714
E-mail : miyahara.yuji@nims.go.jp


Potentiometric measurement of allele-specific oligonucleotide hy-
bridization based on the principle of detection of charge-density
change at the surface of a gate insulator by using of a genetic
field-effect transistor has been demonstrated. Since DNA mole-
cules are negatively charged in aqueous solution, a hybridization
event at the gate surface leads to a charge-density change in the
channel of the FET and can be directly transduced into an electri-
cal signal without any labeling of target DNA molecules. One of
the unique features of our method is to utilize DNA binders such


as intercalators as charged species for double-stranded DNA
after hybridization, since these are ionized and carry positive
charges in aqueous solution. Single-base mismatch of the target
DNA could be successfully detected both with the wild-type and
with the mutant genetic FETs by controlling the hybridization
temperatures and introducing Hoechst 33258 as DNA binder. The
genetic FET platform is suitable as a simple, accurate, and inex-
pensive system for SNP typing in clinical diagnostics.
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together with an Ag/AgCl reference electrode (with saturated
KCl solution). The potential of a measurement solution is con-
trolled and fixed by the gate voltage (VG) through the refer-
ence electrode (Figure 1 A). When complementary DNA mole-
cules are contained in a sample solution, hybridization occurs
at the surface of the gate area. Since DNA molecules are nega-
tively charged in aqueous solution, hybridization event can in
principle be detected by measuring changes in the electrical
characteristics of the FET, such as a positive shift of the thresh-
old voltage (VT; Figure 1 B). When DNA binders are introduced
into the double-stranded DNA after hybridization, the thresh-
old voltage of the genetic FET shifts in the negative direction,
because DNA binders are positively charged (Figure 1 B). Since
some of those DNA binders react specifically with double-
stranded DNA, undesirable background noise caused by non-
specific adsorption of single-stranded target DNA can be elimi-
nated, so more precise and reliable detection of hybridization
event should be achieved.


We used n-channel depletion mode FET with a double layer
of Si3N4/SiO2 as the gate insulator (Figure 1 C). The surface of


the Si3N4 is not polarized in the
aqueous solution but is sensitive
to pH in the solution. In order to
obtain only the potential change
induced by the specific molecu-
lar recognition event on the
gate, differential measurements
were carried out with a pair of
FETs: one for the genetic FET
with immobilized oligonucleo-
tide probes and the other for
the reference FET without oligo-
nucleotide probes. Differential
measurement effectively elimi-
nates the common background
noise caused by temperature
changes, nonspecific adsorption
of the charged species, and
changes in ion concentrations.
For highly sensitive detection of
the molecular recognition event
on the gate surface, the relation-
ship between the channel width
(W) and the channel length (L)
was designed to be W/L = 480.


Results


Detection of molecular recogni-
tion at the gate surface


Specific binding of charged bio-
molecules at the gate surface
can be detected as a shift of the
threshold voltage VT, which can
be determined in the gate volt-
age VG and the drain current ID


(VG–ID) characteristics of the genetic FET (Figure 2). The VG–ID


characteristics of the genetic FET were shifted along the VG


axis in the positive direction after immobilization of oligonu-
cleotide probes (Figure 2 A). The oligonucleotide probes immo-
bilized were a normal type for the R353Q locus of the factor VII
gene (Table 1[21]). In order to evaluate the VT shift in more
detail, the local area shown in Figure 2 A (surrounded area)
was magnified (Figure 2 B). The VT shifts after hybridization and
specific binding of DNA binder are also shown in Figure 2 B.
When the oligonucleotide probes were immobilized on the
gate surface, the VT was shifted along the VG axis by the
amount of 32 mV. The positive shift is due to negative charges
induced at the gate surface after an immobilization process in-
cluding cleaning, silanization, glutaraldehyde treatment, immo-
bilization of oligonucleotide probes, and blocking with glycine.
Immobilization of oligonucleotide probes and glycine blocking
is considered to contribute to the VT shift to a large extent.
When the complementary target DNA was introduced onto
the gate surface and hybridized with oligonucleotide probes,
the VT was shifted in the positive direction by the amount of


Figure 1. Conceptual structure of a genetic field-effect transistor (FET). A) Schematic diagram for measurement of elec-
trical characteristics of genetic FET. The shift of the threshold voltage (VT) is determined from the gate voltage (VG)–
drain current (ID) characteristics in a phosphate buffer solution (0.05 m Na2HPO4 and 0.05 m KH2PO4, pH 6.86). An Ag/
AgCl electrode with saturated KCl solution is used as a reference electrode. B) Scheme for potentiometric detection of
DNA molecules and DNA binders with a genetic FET. DNA molecules have negative charges in aqueous solution, while
DNA binders have positive charges and bind specifically to double-stranded DNA. Since the charged molecules on the
gate surface interact electrostatically with electrons in Si through the thin gate insulator, the charge-density change
caused by molecular recognition events can be measured as the VT shift. C) Photograph of the fabricated genetic FET
chip. Sixteen FETs and a temperature sensor are integrated in a 5 � 5 mm chip. The FETs are n-channel depletion type
with Si3N4/SiO2 as gate insulator. A pair of FETs were used as a genetic FET and a reference FET.
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12 mV, due to the increasing of the negative charges of the
target DNA introduced by hybridization. After hybridization, a
DNA binder—Hoechst 33258—was introduced onto the gate
surface, and the VT was shifted in the negative direction by the
amount of 14 mV. The negative shift of the VT indicates an in-
crease in positive charge at the gate surface and is due to spe-
cific binding of Hoechst 33258 to the double-stranded DNA.
This is in contrast to the positive change of the VT due to neg-
atively charged DNA molecules. The charge-density change at
the gate surface after each molecular recognition event could
thus be successfully detected by use of genetic FETs.


The VT shifts for various DNA binders were investigated with
genetic FETs (Figure 3). All the DNA binders tested are ionized
and carry positive charges in aqueous solution (Figure 3 A).
When each DNA binder was introduced onto the gate surfaces
of the genetic FETs after hybridization, the VT was shifted in
the negative direction due to the positive charge of the DNA
binder (Figure 3 B). The magnitudes of the VT shifts were differ-
ent for the different DNA binders, since the densities of DNA
binder attachment along the double-stranded DNA are de-
pendent on the DNA binders. The use of some of the DNA
binders after hybridization is effective for discriminating be-
tween the signals of double-stranded DNA and those of non-
specifically adsorbed single-stranded DNA at the gate surfaces,
as some of the DNA binders used in this study, such as EB and
PI, react specifically with double-stranded DNA.


Discrimination of single nucleo-
tide polymorphism


We prepared two types of ge-
netic FETs to detect single base
changes in the target DNA,
using the R353Q locus of factor -
VII gene as a model sample
(Table 1[21]). Normal (wild-type)
oligonucleotide probes were im-
mobilized on the gate surface of
one of the genetic FETs (N-type
genetic FET), while mutant oligo-
nucleotide probes were immobi-
lized on the gate surface of the
other genetic FET (M-type genet-
ic FET). The N-type and M-type
genetic FETs were placed in a
buffer solution and the tempera-
ture of the buffer solution was
maintained at 60 8C for hybridi-
zation with target normal DNA
in a normal sample and at 57 8C
for hybridization with target
mutant DNA in a mutant sample
(Figure 4 A). When normal DNA
was hybridized at 60 8C with N-
type and M-type genetic FETs,
the VT shift produced by the fully
matched N-type genetic FET was
bigger than that due to the one-


base mismatched M-type genetic FET (Figure 4 B (1)). On the
other hand, when mutant DNA was hybridized at 57 8C with
both FETs, the VT shift obtained for the fully matched M-type
genetic FET was bigger than that for the one-base mismatched
N-type genetic FET (Figure 4 B (2)). This means that it is possi-
ble to detect a one-base change of a target DNA with the ge-
netic FETs. However, the difference between the signals of the
N-type genetic FET and the M-type genetic FET in response to
the mutant sample (Figure 4 B (2)) was small in relation to that
observed in response to the normal sample (Figure 4 B (1)).
The ratio of the signals between the N-type genetic FET and
the M-type genetic FET was 4.9:1 in the case of the normal
sample, while the signal ratio between the N-type and M-type
FETs was 0.6:1 in the case of the mutant sample. Precise con-
trol and optimization of the temperatures during the hybridiza-
tion and washing processes are important for a robust detec-
tion system. After hybridization, Hoechst 33258 was introduced
onto the gate surfaces of the N-type genetic FET and the M-
type genetic FET (Figure 4 C). The ratio of the signals between
the N-type genetic FET and the M-type genetic FET was 10.1:1
in the case of the normal sample, while the signal ratio be-
tween the N-type and M-type FETs was 0.1:1 in the case of the
mutant sample. The ability to discriminate a single base
change could thus be increased by the use of the DNA binder
in combination with the genetic FETs. It is notable that the di-
rections of the VT shifts were positive for hybridization with


Figure 2. Electrical signals of molecular recognition events on the genetic field-effect transistor (FET). A) Gate voltage–
drain current (VG–ID) characteristics of genetic FET before and after immobilization of oligonucleotide probes.
B) Threshold voltage VT shifts after immobilization of oligonucleotide probes, hybridization of target DNA, and
specific binding of Hoechst 33258. The size of the VT shift was determined at a constant drain current of 600 mA.


Table 1. Base sequences for oligonucleotide probes at the R353Q locus of factor VII gene.[21]


Locus Function Sequence Tm [8C]


R353Q R353Q-normal (N)
probe 5’-amino group-CCACTACCGGGGCACGT-3’ (17 mer) 60 (Tm1)
target 5’-ACGTGCCCCGGTAGTGG-3’ (17 mer)
R353Q-mutant (M)
probe 5’-amino group-CCACTACCAGGGCACGT-3’ (17 mer) 57 (Tm2)
target 5’-ACGTGCCCTGGTAGTGG-3’ (17 mer)


N and M indicate normal (wild-type) and mutant allele-specific oligonucleotides, respectively. Tm shows the
melting temperature.
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target DNA and negative for the DNA binder because of the
intrinsic charges of DNA and DNA binder.


For SNP typing analysis it is preferable to use the genetic
FETs at a constant temperature. The genetic FETs were evaluat-
ed for SNP typing at 57 8C with the artificial samples of three
different genotypes (Figure 5). When the N-type genetic FET
and M-type genetic FET were hybridized with a normal/normal
(n/n) homozygote sample, a normal/mutant (n/m) heterozy-
gote sample, and a mutant/mutant (m/m) homozygote sample
(Figure 5 A), the ratios of the VT shifts of the N-type genetic FET
and the M-type genetic FET were 2.4:1, 1.2:1, and 0.6:1 for a
n/n homozygote sample, a n/m heterozygote sample, and a
m/m homozygote sample, respectively (Figure 5 B). It was
therefore possible to distinguish three genotypes of the target
DNA by allele-specific oligonucleotide hybridization through
the use of the genetic FETs. When a DNA binder (Hoechst
33258) was introduced and allowed to react with double-
stranded DNA at the gate surface after hybridization, the ratios
of the VT shifts of the N-type genetic FET and the M-type ge-
netic FET were 9.6:1, 1.2:1, and 0.1:1 for a n/n homozygote
sample, a n/m heterozygote sample, and a m/m homozygote
sample, respectively (Figure 5 C). We found that the use of


DNA binder after hybridization
was effective for distinguishing
genotypes of the target DNA
more clearly than hybridization
only. The results of target hybrid-
ization and specific binding of
DNA binder demonstrate the
ability of the genetic FETs to dis-
tinguish the three different geno-
types.


Discussion


Molecular recognition events
such as hybridization and specific
binding of DNA binder could be
directly transduced into electrical
signals by use of the genetic
FETs (Figure 2). A change in the
surface charge density could be
detected as a shift of the thresh-
old voltage (VT) of a genetic FET.
The VT shift after hybridization
(DVT) is expressed in Equation (1),
where Qds-DNA is the charge per
unit area of the double-stranded
DNA after hybridization, Qss-DNA is
the charge per unit area of the
single-stranded oligonucleotide
probes, DQDNA is the charge dif-
ference per unit area after hy-
bridization, and Ci is the gate ca-
pacitance per unit area.


DV T ¼ ðQds-DNA�Qss-DNAÞ � Ci�1 ¼ DQDNA � Ci�1 ð1Þ


Since DVT = 12 mV and Ci = 4.3 � 10�4 F m�2 for the genetic
FET, the charge increase after hybridization is calculated to be
5.1 � 10�6 C m�2. The base lengths of the oligonucleotide probe
and the target DNA used in this study are both 17 bases,
which corresponds to 5.78 nm in length. Negative charges de-
rived from phosphate groups are distributed along the
double-stranded DNA from the gate surface to the bulk of the
sample solution. We assume that these negative charges along
the DNA molecules contributed to the VT shift equally and that
all the oligonucleotide probes were hybridized with the target
DNA. Given these assumptions, the number of oligonucleotide
probes on the channel region can be calculated as 2.3 � 104,
which corresponds to 1.9 � 108 cm�2. The surface densities of
oligonucleotide probes immobilized on glass, silicon dioxide,
and gold have been reported to be in the order of 109 to
1013 cm�2, determined by different methods.[36–41] Since the
densities of the oligonucleotide probes are strongly dependent
on the method and materials used for a substrate and immobi-
lization, the number of oligonucleotide probes immobilized on
silicon nitride could be increased by optimizing the immobili-
zation method. It is noted that hybridization with 2.3 � 104


Figure 3. Potentiometric detection of DNA binders. A) Chemical structures of various DNA binders. All the DNA binders
shown here have positive charges in aqueous solution and react with double-stranded DNA. B) Shifts of the threshold
voltage (VT) for various DNA binders. Each DNA binder was dissolved in deionized water at a concentration of
100 mm. The number of charges in aqueous solution is different for the different DNA binders shown in (A).


706 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 703 – 710


Y. Miyahara, T. Sakata



www.chembiochem.org





target DNA molecules resulted in a VT shift of 12 mV. Therefore,
detection of DNA molecules by use of a genetic FET can be
very sensitive, if hybridization is carried out suitably. In this
study, 100 mL of synthesized oligonucleotide at a concentration
of 100 mm was used as target DNA. On comparison of the
numbers of oligonucleotide probes and the target DNA mole-
cules in the sample solution, almost all the oligonucleotide
probes on the gate surface were considered to be hybridized.
This would be the reason why the size of the VT shift of the N-
type genetic FET for the n/m heterozygote sample was similar
to that of the n/n homozygote sample, although the concen-
tration of the normal DNA in a n/m heterozygote sample was
half that in the n/n homozygote sample. The lower detection
limit and the linear concentration range of the genetic FET are
under investigation.


A single molecule of Hoechst 33258 has three positive
charges in aqueous solution, as shown in Figure 3 A. We there-
fore expected that a larger VT shift would be obtained by use
of Hoechst 33258 (based on larger charge-density changes)


than would be found with the
use of DNA binders other than
Hoechst 33342. However, the VT


shifts due to DNA binders are
more complicated. The binding
between double-stranded DNA
and a DNA binder is dependent
on charges, chemical structure
of the DNA binder, base se-
quence of the DNA, and so on.
DNA binders such as Hoechst
33258, Hoechst 33342, and DAPI
have been reported to bind se-
lectively in the minor groove to
AT-rich sites in DNA mole-
cules,[32, 35] and to show weak
binding to GC sites.[31] On the
other hand, EB and PI are known
as intercalators and show high
affinity toward double-stranded
DNA and generally exhibit
modest base pair selectivity.[33, 34]


The VT shift caused by PI was ap-
proximately twice that produced
by EB (Figure 3). This can be ex-
plained by the difference in the
number of charges in PI and in
EB (Figure 3 A). The ability to dis-
tinguish genotypes drastically
improved when Hoechst 33258
was used after hybridization
(Figures 4 and 5). Although un-
desirable signals of mishybridiza-
tion between the mutant sample
and the N-type genetic FET were
observed to large extents after
hybridization (Figures 4 B and
5 B), they were eliminated after


introduction of Hoechst 33258 (Figures 4 C and 5 C). A signifi-
cant improvement in the signal-to-noise ratio after introduc-
tion of DNA binder could thus be obtained in this study. From
these results, DNA binders are considered to show weak affini-
ty to mismatched double-stranded DNA. This feature of the
DNA binder is important for achievement of precise genotyp-
ing through the use of the genetic FETs.


For the simultaneous analysis of many different SNPs with
high precision, it is important to optimize the temperature of
each oligonucleotide probe during the hybridization and wash-
ing process. A thermal gradient DNA chip intended for this
purpose has already been proposed[21] and evaluated for geno-
typing, in which temperatures of oligonucleotide probes could
be controlled independently. Unlike other types of DNA micro-
array, the thermal gradient DNA chip should allow multiplex
loci typing with use of different optimal temperatures for each
locus on the same chip. Since the fabrication process for the
genetic FETs is compatible with that for the thermal gradient
DNA chip, the genetic FETs could be integrated in Si islands in


Figure 4. Discrimination of single nucleotide polymorphism (SNP) with genetic field-effect transistors (FETs). The VT


shifts obtained with three different genetic FETs are averaged for the same conditions and the standard deviation is
expressed as a bar. A) Schematic representation showing the method for SNP analysis with genetic FETs. The N-type
and M-type genetic FETs were prepared by immobilizing oligonucleotide probes for normal (wild-type) and mutant-
type genes, respectively, at the locus of R353Q. A pair of N-type and M-type genetic FETs were hybridized with normal
target or mutant target at optimum temperatures. B) SNP detection by allele-specific oligonucleotide hybridization at
controlled temperatures. The change in the threshold voltage VT after hybridization was measured for N-type and M-
type genetic FETs hybridized with normal target DNA (1) and mutant target DNA (2). Hybridization was carried out at
60 8C for the normal sample, and at 57 8C for the mutant sample. C) SNP detection with genetic FETs in combination
with DNA binders. Signal-to-noise ratios to distinguish one-base change drastically improved when Hoechst 33258
was used after hybridization.
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the thermal gradient DNA chip. By combining the genetic FETs
with the thermal gradient DNA chip, more precise and reliable
SNPs analysis should be achievable.


Conclusion


Insulated gate field-effect tran-
sistors have been studied in vari-
ous biosensors, such as enzyme
FETs[42–44] and immunological
FETs,[45] since the first ion-sensi-
tive field-effect transistor (ISFET)
was reported.[46] There are sever-
al advantages to these solid-
state biochemical sensors, such
as integration of multiple sens-
ing spots and miniaturization in-
cluding signal transduction, al-
though they are subject to drift
of the output signal.[47–49] These
characteristics are more suitable
for genetic analysis, in which
parallel detection is often re-
quired with qualitative output,
than for quantitative analyses of
ions and biochemical compo-
nents with high precision. In this
study, a new method to detect
single nucleotide polymorphism
by use of a field-effect transistor
in combination with allele-specif-
ic oligonucleotide hybridization
has been developed. The
charge-density change due to
temperature-controlled hybridi-
zation at the surface of the gate
insulator could be successfully
detected by using a genetic FET.
Specific binding of a DNA binder
could be utilized in the form of
a negative shift of the threshold
voltage, because DNA binders
have positive charges in aque-
ous solution. One of the poten-
tial advantages of the genetic
FET together with a DNA binder
is to eliminate undesirable sig-
nals of mishybridization. By use
of this feature, single nucleotide
polymorphism could be success-
fully detected by using a genetic
FET and a DNA binder. In particu-
lar, the introduction of DNA
binder after hybridization result-
ed in a better signal-to-noise
ratio to discriminate genotypes
of the target DNA than could be


achieved through the hybridization event alone.
As described in the Introduction, a simpler, more reliable,


and inexpensive method and device would be required for
platforms used in clinical diagnostics. In addition to these re-


Figure 5. Genotyping analysis with genetic field-effect transistors (FETs). The VT shifts obtained with three different ge-
netic FETs are averaged for the same conditions and the standard deviation is expressed as a bar. A) Schematic repre-
sentation showing the method for genotyping analysis with genetic FETs. The N-type and M-type genetic FETs were
prepared by immobilizing oligonucleotide probes for normal (wild-type) and mutant-type genes, respectively, at the
locus of R353Q. A pair of N-type and M-type genetic FETs were hybridized with a n/n homozygote sample, a n/m het-
erozygote sample, and a m/m homozygote sample. B) Genotyping of R353Q locus by hybridization at 57 8C. The N-
type genetic FET and M-type genetic FET were hybridized with a n/n homozygote sample, a n/m heterozygote sample,
and a m/m homozygote sample. The relationships of the concentration of normal sample to mutant sample were 1:0,
1:1, and 0:1, respectively, for the three different genotypes. The ratios of the VT shifts of the N-type genetic FET and M-
type genetic FET—the N-type/M-type ratios—were 2.4:1, 1.2 :1, and 0.6 :1, respectively, for the three different genotypes.
C) Genotyping with genetic FETs in combination with Hoechst 33258 as DNA binder. The N-type/M-type ratios were
9.6 :1, 1.2:1, and 0.1:1, respectively, for the three different genotypes. The ability to distinguish genotypes was drastical-
ly improved by the use of Hoechst 33258.
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quirements, standardization of data is important for the devi-
ces to be used in clinical diagnostics. The data obtained with
DNA microarray, SPR, or QCM techniques can be used consis-
tently in the laboratory, but are in general difficult to compare
between instruments, or laboratories, because the data-analy-
sis algorithms are completely different. In the case of genetic
FETs, the electrical output—the threshold voltage—shifts as a
function of the number of intrinsic charges of biomolecules in-
duced on the gate area. It is therefore easier to control and
standardize the threshold-voltage shift than it is for fluorescent
emission, refractive index change, or frequency change. This
characteristic of the genetic FET is more suitable than fluores-
cent detection, SPR, QCM, etc. for standardization of the data.


One of the ways to achieve cost-effective analysis through
the use of micro-fabricated devices with additional value is to
use the device repeatedly in a flow-through cell. Since the
principle of the genetic FET is based on potentiometric detec-
tion of charged biomolecules, it is easier for the genetic FET to
be used repeatedly than it is for the electrical current (ampero-
metric) detection method for DNA chips. In the case of the am-
perometric detection method, irreversible reactions take place
at the electrode surfaces on which DNA probes are immobi-
lized and it is in general difficult to obtain a reproducible
signal for an amperometric detection device in repeated use.
Therefore, the genetic FET is suitable for producing a simpler,
more reliable, and less expensive method and device for plat-
forms used in clinical diagnostics.


Experimental Section


Measurement of the electrical characteristics of genetic FETs : In-
sulated gate field-effect transistors were fabricated by standard in-
tegrated circuit technology except for deposition of the gate elec-
trode. Sixteen FETs and a temperature sensor were integrated in a
5 � 5 mm chip (Figure 1 C). The thicknesses of the Si3N4 layer and
the SiO2 layers were 140 and 35 nm, respectively. The fabricated
FET chip was mounted on a flexible polyimide film with patterned
metal electrodes and wire-bonded. The FET chip was encapsulated
with an epoxy resin (ZC-203, Nippon Pelnox) except for the gate
areas. Both the fabricated FETs and the commercial ISFETs
(BAS Inc.) were used for the experiments in this study. The FETs
were immersed in a phosphate buffer solution (0.05 m Na2HPO4


and 0.05 m KH2PO4, pH 6.86, Wako) with a reference electrode. The
electrical characteristics of the FETs—such as the gate voltage (VG)–
drain current (ID) characteristics—were measured at 25 8C with the
aid of a semiconductor parameter analyzer (4155C, Agilent). The
threshold voltage (VT) shift was calculated after immobilization, hy-
bridization, and specific binding of DNA binder. The VT shift was
defined as the difference in the VG–ID characteristics at a constant
drain current of 600 mA.


Oligonucleotide probes and target DNA : Oligonucleotides were
synthesized by the phosphoramidite method and purified by HPLC
(Espec). The 5’-end of the synthesized oligonucleotide was modi-
fied with an amino group for attachment to the Si3N4 surface. The
factor VII gene, related to blood coagulation factor, was used for
the genotyping experiment. The base sequences of the oligonu-
cleotide probes and targets for the normal-type (wild-type) and
the mutant-type genes at the locus of R353Q were designed as
shown in Table 1 according to ref. [21] .


Immobilization of oligonucleotide probes : The surface of the
Si3N4 layer was cleaned with NaOH (1 m) for 1 h at room tempera-
ture and silanized in toluene (Sigma–Aldrich) containing 3-amino-
propyltriethoxysilane (Sigma–Aldrich, 2 wt. %). The amino-silanized
Si3N4 surface was rinsed in toluene and dried in vacuo at 110 8C for
1 h. Reactive amino groups were then introduced at the Si3N4 sur-
face.


Oligonucleotide probes were immobilized on the modified Si3N4


surface by using glutaraldehyde as a bifunctional cross-linking
agent. The amino-silanized Si3N4 surface was soaked in a glutaric
dialdehyde solution (Sigma–Aldrich, 25 wt. %) with 0.5 g of sodium
cyanoborohydride (Sigma–Aldrich) per 50 mL for 4 h at room tem-
perature, followed by rinsing in deionized water and drying in
vacuo at room temperature for 1 h. Oligonucleotide probes were
dissolved in a TE buffer (pH 8.0, Nippon Gene) at a concentration
of 100 mm. To couple amino-modified oligonucleotides with the
glutaraldehyde-treated Si3N4 surface, the FET chip was kept over-
night at 50 8C in the oligonucleotide solution with 0.5 g of sodium
cyanoborohydride per 50 mL to complete the coupling reaction.
The FET chip was then soaked for 1 h in a phosphate buffer so-
lution (0.04 m Na2HPO4 and 0.03 m KH2PO4, pH 7.0, Wako) with gly-
cine (Wako, 1 m) at 50 8C to block any remaining glutaraldehyde
groups. The FET chip was washed with the phosphate buffer so-
lution (pH 7.0) and with deionized water and dried in vacuo at
room temperature for 1 h. The surface-modified FET chip was
ready for use in hybridization and specific binding studies.


Hybridization with target DNA : Target DNA used for hybridization
was prepared by dissolving target oligonucleotides in a hybridiza-
tion buffer solution, which was composed of 4xSSC + 0.1 %SDS (In-
vitrogen), at a concentration of 100 mm. The genetic FET with im-
mobilized oligonucleotide probes was kept in the hybridization
buffer solution containing target oligonucleotides for 15 h at con-
trolled temperatures: 60 8C for hybridization with normal targets,
and 57 8C for hybridization with mutant targets (Table 1[21]). After
hybridization, the genetic FET was washed with 1xSSC + 0.03 %SDS,
0.2xSSC, 0.05xSSC, and deionized water at each temperature in
order to remove nonhybridized oligonucleotides.


Introduction of DNA binders onto genetic FETs : The DNA binders
used in this work are as follows: 2’-(4-hydroxyphenyl)-5-(4-methyl-
1-piperazinyl)-2,5’-bi-1H-benzimidazole trihydrochloride, Hoechst
33258 (Dojindo); 2’-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-
2,5’-bi-1H-benzimidazoletrihydrochloride, Hoechst 33342 (Dojindo);
4’,6-diamidino-2-phenylindole dihydrochloride, DAPI (Dojindo); 3,8-
diamino-5-ethyl-6-phenylphenanthridinium bromide, ethidium bro-
mide, EB (Dojindo); 3,8-diamino-5-[3-(diethylmethylammonio)-
propyl]-6-phenylphenanthridinium diiodide, propidium iodide, PI
(Dojindo). All the DNA binders were dissolved in deionized water
at a concentration of 100 mm. Hoechst 33258 was mainly used for
the VT shift experiments in this study. After hybridization, the
genetic FET was soaked in each DNA binder solution at room tem-
perature for 12 h and washed with deionized water.
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Inversion of Stereoselectivity by Applying
Mutants of the Hydroxynitrile Lyase from
Manihot esculenta**
Holger B�hler, Burkhard Miehlich, and Franz Effenberger*[a]


Introduction


In the wild-type hydroxynitrile lyase of Manihot esculenta
(wtMeHNL), a tryptophan residue (Trp128) is situated at the
channel entrance to the active site of the enzyme.[1, 2] Substitu-
tion of this residue by amino acids of decreasing size signifi-
cantly enlarges the channel entrance to facilitate the access of
substrates to the active site and thereby causes a considerable
change of substrate specificity.[3]


The enantioselective preparation of (S)- and (R)-cyanohydrins
by using hydroxynitrile lyases (HNLs) as biocatalysts has
become a very important and attractive tool in stereoselective
organic synthesis.[4] Only very little is known, however, con-
cerning the influence of the substrate stereocenters on the re-
action with respect to stereoselectivity of the HNL-catalyzed
HCN addition.


Because of important follow-up reactions, for example in
Kiliani–Fischer carbohydrate synthesis, the stereoselectivity of
HNL-catalyzed cyanohydrin formation of a-oxygenated alde-
hydes is especially of interest. As could be demonstrated, O-
allyl-protected a-hydroxyaldehydes are excellent substrates for
(R)-PaHNL-catalyzed HCN addition and yield the corresponding
(R)-cyanohydrins with high enantioselectivity (�94 % ee),[5a]


whereas the unprotected a-hydroxyaldehydes react very un-
specifically.[5b]


Riva et al.[6] have intensively investigated the (R)-PaHNL-cata-
lyzed cyanohydrin formation of a- and b-substituted aldehydes
with respect to stereoselectivity. The authors have also investi-
gated a-alkyl- and a-alkoxy-substituted aldehydes as sub-
strates in the Hevea brasiliensis (HbHNL)-catalyzed addition of
HCN, which gives the corresponding (S)-cyanohydrins.[7] Both
enzymes, PaHNL and HbHNL, make no chiral discrimination be-
tween the enantiomers of racemic substrates, therefore a ki-
netic resolution of the starting racemic aldehydes was not pos-


sible.[7] The diastereoselectivity of reactions of aldehydes with
a-alkyl substituents catalyzed by (S)-HbHNL[7b] and (S)-MeHNL[2]


are relatively high and comparable. With (R)-PaHNL as catalyst,
HCN addition is totally unselective when racemic a-methyl-
substituted aldehydes are used, but highly diastereoselective
with a-ethyl substituents.[6b, 7b] It is interesting to note that the
(R)-PaHNL-catalyzed HCN addition to rac-2-phenylpropionalde-
hyde is highly (R)-selective with the (S) enantiomers (diastereo-
meric ratio 17.3) but unspecific with the (R) enantiomer (dia-
stereomeric ratio 1.6).[6a]


The strong influence of mutations on rates and substrate
specificity is very well known from our investigations on (S)-
MeHNL.[3] We were therefore interested to investigate if and to
what extend Trp128-substituted channel mutants of wtMeHNL
change the stereoselectivity of HCN addition to a- and b-sub-
stituted aldehydes that contain stereocenters.


Results and Discussion


MeHNL-catalyzed HCN addition to rac-2-phenylpropion-
aldehyde


The chemical addition of in situ-prepared HCN to racemic 2-
phenylpropionaldehyde (rac-1) in acetic acid yields racemic


[a] Dr. H. B�hler, Dr. B. Miehlich, Prof. Dr. F. Effenberger
Institut f�r Organische Chemie der Universit�t Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
Fax: (+ 49) 685-4269
E-mail : franz.effenberger@oc.uni-stuttgart.de


[**] Enzyme-Catalyzed Reactions, Part 48. For Part 47, see : H. B�hler, F. Effen-
berger, S. Fçrster, J. Roos, H. Wajant, ChemBioChem 2003, 4, 211–216.


The influence of Trp128-substituted mutants of the hydroxynitrile
lyase from Manihot esculenta (MeHNL) on the stereoselectivity of
MeHNL-catalyzed HCN additions to aldehydes with stereogenic
centers, which yield the corresponding cyanohydrins, is described.
In rac-2-phenylpropionaldehyde (rac-1) reactions, wild-type
(wtMeHNL) and all MeHNL Trp128 mutants are highly (S)-selective
toward the (R) enantiomer of rac-1; this results exclusively in
(2S,3R)-cyanohydrin ((2S,3R)-2) with �96 % de. The (S) enantio-
mer of rac-1, however, only reacts (S)-selectively with wtMeHNL
to give (2S,3S)-2 with 80 % de, whereas with Trp128 mutants, (R)
selectivity increases with decreasing size of the amino acids ex-


changed. The MeHNL W128A mutant is exclusively (R)-selective,
resulting in (2R,3S)-2 with 86 % de. The reaction behavior of rac-
phenylbutyraldehyde (rac-5) is comparable with rac-1, which also
inverts the stereoselectivity from (S) to (R) when the enzyme is ex-
changed from wtMeHNL to the W128A mutant. Stereogenic cen-
ters not adjacent to the aldehyde group, as in 7 and 9, do not in-
fluence the stereoselectivity of MeHNL catalysis, and (S) selectivity
is observed in all cases. Stereoselectivity and inversion of stereo-
selectivity of MeHNL Trp128 mutant-catalyzed cyanohydrin for-
mation can be explained and rationalized with crystal-structure-
based molecular modeling.
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syn- and anti-addition products in a ratio of 60:40 (Scheme 1).
This result can be explained by the Felkin–Anh model.[8]


By using gas chromatogryphy (GC), correlation between a
chiral phase (4 peaks, 20:30:20:30) and an achiral phase (2
peaks, 40:60), the relative structure assignment is possible.


In the MeHNL-catalyzed addition of HCN to rac-1, four dia-
stereoisomers can be formed in principle (Scheme 2).


Under standard conditions,[9] with the enzyme adsorbed on
nitrocellulose as support and diisopropyl ether as solvent, the
reaction is quantitative with all MeHNL mutants after 3 h at
room temperature. The following Trp128 MeHNL mutants[3]


with decreasing size of amino acids have been applied as bio-
catalysts in the described cyanohydrin formation:


wt>W128Y>W128L>W128C>W128A
The wild-type enzyme (wtMeHNL) is highly (S)-selective and


preferentially yields the (2S,3R) and (2S,3S) diastereomers


(Table 1). By changing from the wild-type enzyme to Trp128-
substituted mutants, the stereoselectivity changed dramatically
with the size of the amino acids introduced. The formation of
syn-addition products (2R,3S)-2 and (2S,3R)-2 are favored with
decreasing size of the amino acids. The almost exclusive (S) se-


lectivity of the wild-type MeHNL, is gradually reduced by sub-
stitution of Trp128 at the channel entrance by less bulky
amino acids (Table 1).


The absolute configuration of the two diastereoisomers ob-
tained in the wtMeHNL-catalyzed reaction of rac-1 with HCN,
was elucidated by X-ray crystal-structure determination of the
cyanohydrin O-(p-bromobenzyl) derivatives (2S,3S)-3 and
(2S,3R)-3, which can be separated by chromatography
(Scheme 3, Figure 1).[10]


The exclusive formation of the syn-addition products (2S,3R)-
2 and (2R,3S)-2 in the reaction of rac-1 catalyzed by the
W128A mutant has been confirmed as follows. The 1H and
13C NMR spectra indicate only one reaction product. From GC
correlation on a chiral and an achiral phase, and an optical ro-
tation value of 08 (see Experimental Section), the formation of
the syn-racemate can be deduced. To confirm the syn-addition
of the MeHNL W128A-catalyzed reaction of rac-1 further, the
crude reaction product was hydrolyzed to give the correspond-
ing hydroxy acids syn-4 (Scheme 4).


The racemate syn-4 crystallizes nicely from chloroform to
give isolable crystals for X-ray structure determination; this
confirms the syn configuration (Figure 2).[10]


Scheme 1. Chemical HCN addition to racemic 2-phenylpropionaldehyde rac-1.
HCN was generated in situ from KCN by acetic acid.


Scheme 2. MeHNL-catalyzed HCN addition to rac-1.


Table 1. Stereoselectivity of HCN addition to racemic 2-phenylpropionalde-
hyde rac-1 catalyzed by wtMeHNL and the MeHNL W128 mutant.


MeHNL Diastereoisomeric composition [%] of 2
Mutants (2R,3R) (2R,3S) (2S,3S) (2S,3R)


wt 0.1 5.2 44.4 50.3
W128Y 0.2 24.4 25.4 50.2
W128L 0.3 37.5 12.2 50.0
W128C 0.5 43.4 6.1 50.0
W128A 1.0 46.2 3.4 49.4


Scheme 3. Derivatization of diastereomers (2S,3R)-2 and (2S,3S)-2.
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As could be expected, substitution of Trp128, which covers
the channel entrance to the active site of the wild-type
MeHNL, by amino acids of reduced size, for example, alanine,
improves the rates of conversion of sterically demanding sub-


strates considerably.[3] The inversion of stereoselectivity by mu-
tations in the periphery of the enzyme, as found for the reac-
tions of the (S) enantiomer of rac-1 with HCN (Table 1), was un-
expected.


MeHNL-catalyzed HCN addition to rac-2-phenylbutyralde-
hyde (rac-5)


Similarly to rac-1, the chemical addition of HCN to racemic 2-
phenylbutyraldehyde (rac-5) preferentially gives the syn-addi-
tion product (syn/anti = 66:34). Again, the MeHNL-catalyzed ad-
ditions of HCN to rac-5 were performed under standard condi-
tions.[9] The sterically more demanding aldehyde 5 (compared
to 1) requires longer reaction times. After 4 h, the reaction of
rac-5 with the MeHNL mutants W128Y, W128L, W128C, and
W128A is nearly quantitative (Scheme 5, Table 2). wtMeHNL
and mutant W128V give cyanohydrin 6 in 87 % and 92 % yield,
respectively, after 4 h.


Whereas (S) selectivity was observed in the reaction cata-
lyzed by the wild-type enzyme and the MeHNL W128Y mutant,
the stereoselectivity changed markedly for mutants with small-


Figure 1. X-ray structures of the diastereomeric 2-phenylpropionaldehyde cya-
nohydrin O-(p-bromobenzoyl) derivatives 3 : Top: (2S,3S) configuration, bottom:
(2S,3R) configuration.


Scheme 4. Hydrolysis of rac-syn-cyanohydrins 2 to the corresponding rac-syn-
hydroxy acids 4.


Figure 2. X-ray structure of rac-syn-2-hydroxy-3-phenylbutyric acid (rac-syn-4).


Scheme 5. MeHNL catalyzed HCN addition to rac-2-phenylbutyraldehyde
(rac-5).


Table 2. Stereoselectivity of HCN addition to racemic 2-phenylbutyraldehyde
rac-5 catalyzed by wtMeHNL and the MeHNL W128 mutants, which give the
diastereomeric cyanohydrins 6.


MeHNL Diastereoisomeric composition [%] of 6
Mutants (2R,3R) (2R,3S) (2S,3S) (2S,3R)


wt 0.5 4.5 45.8 49.2
W128Y 0.7 4.6 45.6 49.1
W128L 0.8 24.3 25.1 49.8
W128C 0.4 23.4 26.1 50.1
W128A 0.6 34.1 15.0 50.3
W128V 0.0 35.5 13.7 50.8
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er amino acids. Mutants W128L and W128C catalyze the forma-
tion of the two possible diastereomers (2S,3S)-6 and (2R,3S)-6
in comparable amounts. With the even less bulky MeHNL mu-
tants W128A and W128V, however, (R) selectivity dominates,
preferably yielding the (2R,3S) diastereomer (Table 2).


MeHNL-catalyzed HCN addition to rac-2-methyl-3-phenyl-
propion-aldehyde (rac-7) and rac-3-phenylbutyraldehyde
(rac-9)


In the addition reactions described so far the bulky phenyl
substituent in aldehydes 1 and 5 is very close to the reacting
carbonyl group. We were therefore interested to investigate
the influence of phenyl substituents in the 3-position of alde-
hydes on the stereochemistry of the MeHNL-catalyzed cyano-
hydrin formation.


The 3-phenyl-substituted aldehydes 7 and 9 were treated
with HCN under standard conditions[9] with wtMeHNL and
MeHNL mutants, respectively, to give the corresponding cya-
nohydrins 8 and 10 (Scheme 6).


As can be seen from Table 3, a phenyl substituent in the 3-
position of the aldehyde has practically no influence on the
stereoselectivity of the various MeHNL mutants. Both
wtMeHNL and all investigated MeHNL mutants are (S)-selec-
tive. The formation of the (2S,3R)-8 and (2S,4R)-10 diastereom-
ers occurs with high diastereoselectivity.


Conclusion


The active site and the channel entrance to the active site of
wtMeHNL and MeHNL W128 mutants are well known from X-
ray crystal-structure investigations.[1] By using this structural


data, it is possible to rationalize the expected as well as the
unexpected results of stereoselectivity of MeHNL-catalyzed
HCN addition to 2-substituted aldehydes that contain a stereo-
center adjacent to the carbonyl group. This will be discussed
and rationalized by using the MeHNL-catalyzed reaction of rac-
1 as an example.


The decisive transition state for the formation and cleavage
of cyanohydrins is structurally more cyanohydrin-like with var-
iations in the length of the hydrogen bonds formed and split
during the course of the reaction.[1] Therefore, to explain the
stereochemical results described so far, molecular modeling
based on the defined X-ray structures of wtMeHNL (Figure 3)
and the MeHNL W128A (Figure 4) mutant with the correspond-
ing cyanohydrins as substrates was carried out.


Since the (R) enantiomer of rac-1 reacts (S)-selectively with
the wild-type enzyme and all mutants investigated, it shall not
be discussed further. Molecular modeling should, however, ex-
plain the inversion of stereoselectivity in the reaction of the (S)
enantiomer of rac-1 catalyzed by the W128A mutant. In
Figure 3, the two possible cyanohydrin diastereoisomers of (S)-
1, complexed in the active center of wtMeHNL, are visualized.
Steric demands of the phenyl and methyl substituents are the
decisive factors for the orientation of the cyanohydrin in the
active site. The catalytic activity of the enzyme depends on the


Scheme 6. MeHNL catalyzed HCN addition to 3-phenyl substituted aldehydes
rac-7 and rac-9.


Table 3. Stereoselectivity of HCN addition to rac-7 and rac-9 catalyzed by
MeHNL W128 mutants, which give the diastereomeric cyanohydrins 8 and
10, respectively.


Aldehyde rac-7 Aldehyde rac-9
MeHNL Cyanohydrin 8 Cyanohydrin 10
mutants (2S,3R) de (%) (2S,3S) de (%) (2S,4S) de (%) (2S,4R) de (%)


wt 97 75 80 98
W128Y 97 84 96 >99
W128L 95 90 80 90
W128C 95 82 87 98
W128A 97 84 93 >99


Figure 3. Molecular modeling representation of the (2S,3S) and (2R,3S) diaster-
eomers of cyanohydrin 2 in the active site of wtMeHNL.
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strength of the hydrogen bridges between Ser80, Thr11,
His236, and the cyanohydrin.[1c] For the (2S,3S) configuration,
energetically favored hydrogen bonds are possible from Ser80
to His236, from the cyanohydrin to Ser80, and from Thr11 to
the cyanohydrin (Figure 3). For the (2R,3S) configuration, how-
ever, there are no hydrogen bonds to Thr11, and the cyano
group points away from the catalytic residues. Therefore the
formation of the (2R,3S) diastereomer is disfavored. Since the
channel entrance is blocked by Trp128, the diffusion of the al-
dehyde into the active site is relatively slow and rate-determin-
ing;[3] this causes the preferred formation of the (2S,3S) diaster-
eomer.


The situation changes, however, for the active site of the
MeHNL W128A mutant (Figure 4). In the sterically optimized
positions, the cyano group of the (2S,3S)-configured diaster-
eomer points away from the catalytic residues. A hydrogen
bridge of the cyanohydrin to Ser80, is therefore not possible
for the (2S,3S) diastereomer, whereas the (2R,3S) diastereomer
is positioned in the correct orientation. In comparison to the
(2R,3S) configuration, the specific activity of MeHNL W128A is
approximately 450 times higher than the specific activity of
wtMeHNL,[1d] therefore the conversion rate is determined by
the favored (2R,3S) configuration of the transition state in the
enzyme complex.


In summary, it is possible to explain and rationalize the in-
version of (S) stereoselectivity of wtMeHNL to (R) selectivity of
the MeHNL W128A mutant from crystal-structure-based molec-
ular modeling. It is remarkable that site-directed mutagenesis
was not performed in the active site of the enzyme but at the
periphery.


Experimental Section


Material and methods : Melting points were determined on a
B�chi SMP-20 and are uncorrected. Unless otherwise stated, 1H and
13C NMR spectra were recorded on a Bruker AC 250 F (250 MHz) or
ARX 500 (500 MHz) spectrometer in CDCl3 with TMS as internal
standard. Optical rotations were measured with a Perkin–Elmer po-
larimeter 241 LC in a thermostated glass cuvette (l = 10 cm). Chro-


matography was performed by using silica gel, grain size 0.040–
0.063 mm (Fluka). Diastereomeric excess: GC separations were con-
ducted by using 1) capillary glass columns (20 m) with OV 1701,
carrier gas 0.4–0.6 bar hydrogen; 2) a Chiraldex B-PM (permethy-
lated) column (30 m � 0.32 mm), carrier gas 0.6–1.0 bar hydrogen;
or 3) a Chiraldex B-TA and G-TA column (30 m � 0.32 mm), carrier
gas hydrogen. Aldehydes 1 and 9 are commercially available.
Yields were not optimized.


rac-2-Phenylbutyraldehyde (rac-5): 1) A solution of rac-2-phenyl-
butyric acid (29.0 g, 177 mmol) in absolute Et2O (400 mL) was
added dropwise to a vigorously stirred suspension of LiAlH4 (6.7 g,
177 mmol) in absolute Et2O (100 mL) at a rate that ensured that
the solvent continued to boil. After the reaction mixture had been
stirred overnight at room temperature, H2SO4 (5 %) was added to
the ice-cooled mixture to resolve the precipitated aluminum salts.
The organic layer was separated, dried (Na2SO4), and concentrated.
Distillation under vacuum yielded 23.7 g rac-2-phenylbutanol
(85 %), b.p. 118 8C/23 mbar. 1H and 13C NMR spectra were consistent
with the literature;[11] 2) A solution of rac-2-phenylbutanol (43 g,
200 mmol) in dichloromethane (400 mL) was added to an ice-
cooled vigorously stirring suspension of pyridiniumchlorochromate
(22.5 g, 200 mmol) in dichloromethane (100 mL). When the reac-
tion was complete (GC control), the mixture was filtered over silica.
The solvent was removed, and the crude product was distilled
under vacuum to yield 17.3 g (78 %) rac-5. b.p. 105 8C/28 mbar. 1H
and 13C NMR spectra were consistent with the literature.[12]


rac-2-Methyl-3-phenylpropionaldehyde (rac-7): 1) 2-Methyl-3-
phenylpropanol was prepared from rac-2-methylhydrocinnamic
acid (15.0 g, 91.4 mmol) as described above for rac-2-phenylbuta-
nol in 97 % yield. b.p. : 127 8C/25 mbar. 1H and 13C NMR spectra
were consistent with the literature.[13] 2) rac-7 was prepared from
rac-2-Methyl-3-phenylpropanol (13.3 g, 88.5 mmol) as described
above for rac-5 in 68 % yield, b.p. : 100 8C/18 mbar. 1H NMR and
13C NMR-spectra were consistent with the literature[14]


Racemic cyanohydrins were prepared according to a known litera-
ture procedure.[15]


rac-2-Hydroxy-3-phenylbutyronitrile (rac-2): 1H NMR (250 MHz,
CDCl3): d= 1.46 (d, J = 7.15 Hz, 1.5 H; CH3), 1.47 (d, J = 7.1 Hz, 1.5 H;
CH3), 3.10–3.22 (m, 2 H; C3-H, OH), 4.48 (d, J = 6.56 Hz, 0.5 H; C2-H),
4.50 (d, J = 6.17 Hz, 0.5 H; C2-H), 7.15–7.41 (m, 5 H; HPh) ; 13C NMR
(126 MHz, CDCl3): d= 15.99, 16.03 (CH3), 43.99, 44.25 (C3), 66.45,
66.77 (C2), 118.77, 118.87 (CN), 127.86, 127.91, 128.05, 128.19,
128.92, 139.06, 139.29 (CPh).[16]


rac-2-Acetoxy-3-phenylbutyronitrile (rac-2’): Acetic anhydride
(45 mmol) was added to a solution of the crude aldehyde rac-2
(30 mmol) in pyridine (45 mL). The reaction mixture was allowed to
stand at 60 8C for 1 h. Then the reaction mixture was diluted with
ethyl acetate (100 mL) and washed with diluted HCl until neutral
and then with a saturated solution of NaHCO3. The organic layer
was separated, dried (Na2SO4), and concentrated. The crude prod-
uct was distilled under vacuum to yield 4.7 g (77 %) rac-2’ (rac-syn/
rac-anti = 60:40) as a colorless oil. b.p. 107 8C/0.01 mm; 1H NMR
(250 MHz, CDCl3): d= 1.47 (d, J = 7.1 Hz, 1.5 H; C4-H3), 1.53 (d, J =
7.07 Hz, 1.5 H; C4-H3), 2.06 (s, 1.5 H; COCH3), 2.12 (s, 1.5 H; COCH3),
3.23–3.35 (m, 1 H; C3-H), 5.43 (t, J = 6.7 Hz, 1 H; C2-H), 7.26–7.41 (m,
5 H; HPh).[17] 13C NMR (126 MHz, CDCl3): d= 15.82, 16.31 (CH3), 20.28,
20.34 (COCH3), 41.86, 41.95 (C3), 65.63, 66.05 (C2), 115.89, 116.00
(CN), 127.72, 127.91, 127.95, 128.05, 128.83, 128.92, 138.73, 138.86
(CPh), 168.89, 169.09 (COO).[17]


Figure 4. Molecular modeling representation of the (2S,3S) and (2R,3S) diaster-
eomers of cyanohydrin 2 in the active site of MeHNL W128A.
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rac-2-Hydroxy-3-phenylpentanenitrile (rac-6): 1H NMR (250 MHz,
CDCl3): d= 0.80–0.88 (m, 3 H; C5-H3), 1.73–2.10 (m, 2 H; C4-H2),
2.81–2.91 (m, 2 H; C3-H, OH), 4.49–4.57 (m, 1 H; C3-H), 7.22–7.41
(m, 5 H; HPh) ; 13C NMR (63 MHz, CDCl3): 11.68, 11.74 (C5), 23.43,
23.65 (C4), 51.66, 51.99 (C3), 65.55 (C2), 118.88, 119.18 (CN), 127.84,
128.09, 128.61, 128.81, 128.9, 128.95, 137.41, 137.59 (CPh).


rac-2-Acetoxy-3-phenylpentanenitrile (rac-6’): Reaction conditions
as for rac-2’. Yield: 5.4 g (83 %) rac-6’ as a colorless oil (rac-syn/rac-
anti = 65:35). b.p. 126 8C/0.01 mm; 1H NMR (500 MHz, CDCl3): d=
0.83–0.87 (m, 3 H; C5-H3), 1.77–1.98 (m, 2 H; C4-H2), 2.02 (s, 1.5 H;
COCH3), 2.11 (s, 1.5 H; COCH3), 2.96–3.03 (m, 1 H; C3-H), 5.47 (d, J =
7.07 Hz, 0.5 H; C2-H), 5.48 (d, J = 6.57 Hz, 0.5 H,C2-H), 7.24–7.38 (m,
5 H; HPh); 13C NMR (126 MHz, CDCl3): d= 11.57, 11.61 (C5), 20.24,
20.37 (OCOCH3), 23.37, 23.74 (C4), 49.32, 49.53 (C3), 65.03 (C2),
116.02, 116.21 (CN), 127.90, 128.05, 128.39, 128.53, 128.78, 128.83,
137.06, 137.19 (CPh), 168.89, 169.13 (COO); elemental analysis calcd
(%) for C13H15NO2 (217.27): C 71.87, H 6.96, N 6.45; found: C 71.71,
H 7.01, N 6.24.


rac-2-Hydroxy-3-methyl-4-phenylbutyronitrile (rac-8): 1H NMR
(250 MHz, CDCl3): d= 1.07 (d, J = 6.87 Hz, 1.5 H; C4-H3), 1.08 (d, J =
6.72 Hz, 1.5 H; C4-H3), 2.08–2.28 (m, 1 H; C3-H), 2.50–2.96 (m, 2 H;
PhCH2), 3.58 (br s, 1 H; OH), 4.29–4.36 (m, 1 H; C2-H), 7.16–7.36 (m,
5 H; HPh) ; 13C NMR (63 MHz, CDCl3): d= 14.59, 14.63 (CH3), 37.92,
38.56, 39.74, 39.87 (C3, PhC), 64.53, 65.32 (C2), 118.94, 119.51 (CN),
126.55, 126.58, 128.23, 128.62, 129.07, 129.14, 138.51, 138.95 (CPh).


rac-2-Acetoxy-3-methyl-4-phenylbutyronitrile (rac-8’): For reac-
tion conditions see rac-2’. Yield: 5.8 g (89 %) rac-8’ as a colorless oil
(rac-syn/rac-anti = 47:53). b.p. 136 8C/0.1 mm; 1H NMR (250 MHz,
CDCl3): d= 1.09 (d, J = 6.9 Hz, 1.5 H; C4-H3), 1.12 (d, J = 6.76 Hz,
1.5 H; C4-H3), 2.11 (s, 1.5 H; OCOCH3), 2.14 (s, 1.5 H; OCOCH3), 2.20–
2.39 (m, 1 H; C3-H), 2.52–2.94 (m, 2 H; PhCH2), 5.17–5.21 (m, 1 H;
C2-H), 7.12–7.46 (m, 5 H; HPh) ; 13C NMR (63 MHz, CDCl3): d= 14.96
(CH3), 20.30, 20.35 (OCOCH3), 37.61, 37.97, 38.09, 39.72 (C3, PhCH2),
64.68, 65.22 (C2), 115.67, 116.21 (CN), 126.68, 126.80, 128.66,
128.74, 128.92, 129.02, 137.95, 138.33 (CPh), 169.07, 169.13 (COO);
elemental analysis calcd (%) for C13H15NO2 (217.27): C 71.87, H 6.96,
N 6.45; found: C 71.76, H 7.01, N 6.27.


rac-2-Hydroxy-4-phenylpentanenitrile (rac-10): 1H NMR (250 MHz,
CDCl3): d= 1.30 (d, J = 7.0 Hz, 1.5 H; C5-H3), 1.31 (d, J = 6.96 Hz,
1.5 H; C5-H3), 1.95–2.20 (m, 2 H; C3-H2), 2.92–3.11 (m, 1 H; C4-H),
3.40 (br s, 1 H; OH), 4.09–4.16 (m, 1 H; C2-H), 7.17–7.35 (m, 5 H; HPh);
13C NMR (63 MHz, CDCl3): d= 22.18, 22.26, 35.52, 36.04, 43.18, 43.25
(C5, C4, C3), 59.2, 60.21 (C2), 119.94, 120.18 (CN), 126.76, 126.88,
126.89, 127.09, 128.88, 144.36, 144.64 (CPh).


rac-2-Acetoxy-4-phenylpentanenitrile (rac-10’): For reaction con-
ditions see rac-2’. Yield: 4.6 g (71 %) rac-10’ as a colorless oil (rac-
syn/rac-anti = 50:50). b.p. 123 8C/0.1 mm; 1H NMR (250 MHz, CDCl3):
d= 1.33 (d, J = 6.96 Hz, 3 H; C5-H3), 2.01 (s, 3 H; OCOCH3), 2.06 (s,
3 H; OCOCH3), 2.16–2.26 (m, 2 H; C3-H2), 2.87–3.04 (m, 1 H; C4-H),
5.00–5.03 (m, 1 H; C2-H), 7.12–7.36 (m, 5 H; HPh) ; 13C NMR (63 MHz,
CDCl3): 20.29, 20.33, 22.14, 22.62, 35.98, 36.44, 40.12, 40.46, (C5, C4,
C3, OCOCH3), 59.64, 60.46 (C2), 116.89, 117.06 (CN), 126.82, 126.91,
127.11, 127.14, 129.00, 129.04, 144.07, 144.09 (CPh), 169.07, 169.10
(COO); elemental analysis calcd (%) for C13H15NO2 (217.27): C 71.87,
H 6.96, N 6.45; found: C 71.58, H 7.01, N 6.57.


Enzyme-catalyzed conversion of aldehydes to cyanohydrins and
determination of enantiomeric excess and conversion percen-
tages were carried out as described in the literature.[3]


(2S,3RS)-2-Hydroxy-3-phenylbutyronitrile [(2S,3RS)-2]: syn-
(2S,3R)/anti-(2S,3S) = 54:46, [a]20


D =�12.88 (c = 1.0, CHCl3) ; 1H and
13C NMR spectra were consistent with rac-2.


(2S,3SR)-2-Hydroxy-3-phenylpentanenitrile [(2S,3SR)-6]: syn-
(2S,3R)/anti-(2S,3S) = 53:47, [a]20


D =�18.98 (c = 1.0, CHCl3) ; 1H and
13C NMR spectra were consistent with rac-6.


(2S,3SR)-2-Hydroxy-3-methyl-4-phenylbutyronitrile [(2S,4SR)-8]:
syn-(2S,3R)/anti-(2S,3S) = 53:47, [a]20


D =++ 18.68 (c = 1.0, CHCl3).
1H NMR and 13C NMR-spectra were consistent with rac-8.


(2S,4SR)-2-Hydroxy-4-phenylpentanenitrile [(2S,3SR)-10]: syn-
(2S,4R)/anti-(2S,4S) = 55:45, [a]20


D =++ 17.78 (c = 1.0, CHCl3) ; 1H and
13C NMR spectra were consistent with rac-10.


(2S,3RS)-2-p-bromobenzoyloxy-3-phenylbutyronitrile [(2S,3RS)-
3]: p-bromobenzoyl chloride and pyridine were added to a solution
of (2S,3RS)-2 (4.00 g, 24.8 mmol) in dichloromethane (50 mL) and
stirred for 2 h. When the reaction was completed (GC control), the
reaction mixture was diluted with Et2O (150 mL) and washed with
saturated solutions of NaHCO3 and NaCl. The organic layer was
separated, dried (Na2SO4), and concentrated. The crude product
consisted of 2 diastereomers in 46:54 ratio (GC), which were sepa-
rated by column chromatography on silica gel. The eluent was
changed slowly from pure petroleum ether to a mixture of petrole-
um ether and ethyl acetate (98:2).


Fraction 1: yield (anti-(2S,3S)-3) 2.57 g (31 %); m.p. 79–80 8C; [a]20
D =


�60.68 (c = 2.4, CHCl3); 1H NMR (250 MHz, CDCl3): d= 1.60 (d, J =


7.1 Hz, 3 H; CH3), 3.39–3.50 (m, 1 H; C3-H), 5.65 (d, J = 6.7 Hz, 1 H;
C2-H), 7.26–7.38 (m, 5 H; HPh) 7.56–7.83 (m, 4 H; HPh) ; 13C NMR
(63 MHz, CDCl3): d= 16.0 (CH3), 42.2 (C3), 66.9 (C2), 115.9 (CN),
127.2, 127.8, 128.2, 129.0, 129.4, 131.4, 132.1, 138.7 (CPh), 163.6
(COO).


Fraction 2: yield (syn-(2S,3R)-3) 2.57 g (31 %); m.p. 68–70 8C; [a]20
D =


�34.78 ; 1H NMR (250 MHz, CDCl3): d= 1.56 (d, J = 7.1 Hz, 3 H; CH3),
3.38–3.49 (m, 1 H; C3-H), 5.67 (d, J = 6.7 Hz, 1 H; C2-H), 7.28–7.41
(m, 5 H; HPh), 7.58–7.86 (m, 4 H; HPh) ; 13C NMR (63 MHz, CDCl3): 16.3
(CH3), 42.0 (C3), 66.3 (C2), 115.8 (CN), 128.0, 128.2, 128.9, 129.4,
131.4, 132.1, 138.7 (CPh), 163.6 (COO).


Single crystals for X-ray analysis could be obtained from toluene
(anti-(2S,3S)-3) and diisopropyl ether (syn-(2S,3R)-3).[10] Elemental
analysis calcd (%) for C17H14NO2Br (344.21): C 59.32, H 4.10, N 4.07,
Br 23.21; found: C 59.28, H 4.13, N 4.19, Br 23.06.


syn-2-Hydroxy-3-phenylbutyric acid (syn-4): 4.5 g (28 mmol) of
crude 2 from the MeHNL W128A-catalyzed conversion of rac-1 was
heated to 60 8C with concentrated HCl (30 mL) for 12 h. The reac-
tion mixture was diluted with H2O (30 mL) and extracted with
ethyl acetate (3 � 50 mL). The combined organic layers were ex-
tracted with saturated NaHCO3 (3 � 50 mL). The combined aqueous
layers were acidified with concentrated HCl (pH 1) and again ex-
tracted with ethyl acetate (3 � 50 mL). The combined organic layers
were dried (Na2SO4) and concentrated. Traces of solvent were re-
moved under vacuum to yield 4 (4.35 g, 87 %) as a colorless oil
that began to crystallize after time.[10] m.p. 89 8C (from CHCl3),
[a]20


D = 08 (c = 2.6, CHCl3), 1H NMR (250 MHz, [D6]DMSO): d= 1.19 (d,
J = 7.1 Hz, 3 H; CH3), 3.05–3.19 (m, 1 H; C3-H), 3.38 (br s, 1 H; OH),
4.03 (d, J = 5.0 Hz, 1 H; C2-H), 7.14–7.36 (m, 5 H; HPh) ; 13C NMR
(63 MHz, [D6]DMSO) 15.3 (CH3), 42.3 (C3), 74.5 (C2), 126.1, 127.7,
127.9, 143.7 (CPh), 174.7 (COO); elemental analysis calcd (%) for
C10H12O3 (180.20): C 66.65, H 6.71; found: C 66.70, H 6.71.
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Smart Polyion Complex Micelles for Targeted
Intracellular Delivery of PEGylated Antisense
Oligonucleotides Containing Acid-Labile
Linkages
Motoi Oishi,[a] Fumi Nagatsugi,[b] Shigeki Sasaki,[b] Yukio Nagasaki,*[a, d] and
Kazunori Kataoka*[c]


Introduction


Antisense oligodeoxynucleotides (ODNs) have attracted much
attention as a class of therapeutic agents that can be used to
target mRNA for specific inhibition of gene expression.[1] Nev-
ertheless, the therapeutic value of antisense ODNs under in
vivo conditions has not been fully proven to be effective
owing to several obstacles, including nonspecific interaction
with plasma protein,[2] low stability against enzymatic degrada-
tion,[3] low permeability across the cell membrane,[4] and pref-
erential liver and renal clearance.[3] Therefore, a high dose of
the antisense ODN is generally required to achieve a significant
antisense effect in vivo. To obtain the desired antisense effect,
a variety of antisense ODN delivery systems such as cationic
lipids (lipoplexes)[5] and cationic polymers (polyplexes)[6] have
been developed, and some of these systems contribute sub-
stantially to ODN stability against enzymatic degradation and
increased cellular uptake, at least under in vitro conditions.
However, due to the nonspecific nature of interactions of cati-
onic components with negatively charged biomacromolecules,
they often tend to show nonspecific disposition characteristics
and short circulating lifetimes in the blood after systemic injec-
tion.[7] Recently, a new class of antisense ODN delivery systems
has emerged based on polyion complex (PIC) micelles com-
posed of PEG–polycation block copolymers (PEG = poly(ethyl-
ene glycol)) and oppositely charged antisense ODNs, held to-


gether by electrostatic interactions.[8] The PIC micelles exhibit-
ed excellent solubility in aqueous media, high tolerance of en-
trapped ODNs against enzymatic degradation, and minimal in-
teraction with negatively charged biomacromolecules and cell
membrane, owing to the steric stabilization of the very dense
PEG corona surrounding the PIC core. However, electrostatic


A novel pH-sensitive and targetable antisense ODN delivery
system based on multimolecular assembly into polyion complex
(PIC) micelles of poly(l-lysine) (PLL) and a lactosylated poly(ethyl-
ene glycol)–antisense ODN conjugate (Lac-PEG–ODN) containing
an acid-labile linkage (b-propionate) between the PEG and ODN
segments has been developed. The PIC micelles thus prepared
had clustered lactose moieties on their peripheries and achieved
a significant antisense effect against luciferase gene expression in
HuH-7 cells (hepatoma cells), far more efficiently than that pro-
duced by the nonmicelle systems (ODN and Lac-PEG–ODN)
alone, as well as by the lactose-free PIC micelle. In line with this
pronounced antisense effect, the lactosylated PIC micelles
showed better uptake than the lactose-free PIC micelles into
HuH-7 cells ; this suggested the involvement of an asialoglycopro-


tein (ASGP) receptor-mediated endocytosis process. Furthermore,
a significant decrease in the antisense effect (27 % inhibition) was
observed for a lactosylated PIC micelle without an acid-labile
linkage (thiomaleimide linkage) ; this suggested the release of the
active (free) antisense ODN molecules into the cellular interior in
response to the pH decrease in the endosomal compartment is a
key process in the antisense effect. Use of branched poly(ethylen-
imine) (B-PEI) instead of the PLL for PIC micellization led to a sub-
stantial decrease in the antisense effect, probably due to the
buffer effect of the B-PEI in the endosome compartment, prevent-
ing the cleavage of the acid-labile linkage in the conjugate. The
approach reported here is expected to be useful for the construc-
tion of smart intracellular delivery systems for antisense ODNs
with therapeutic value.


[a] Dr. M. Oishi, Prof. Dr. Y. Nagasaki
Department of Materials Science and Technology
Tokyo University of Science
2641 Yamazaki, Noda, Chiba 278-8510 (Japan)
Fax: (+ 81) 4-7123-8878
E-mail : nagasaki@ims.tsukuba.ac.jp


[b] Prof. Dr. F. Nagatsugi, Prof. Dr. S. Sasaki
Graduate School of Pharmaceutical Science
Kyushu University
3-3-1 Maidashi, Higashi-ku, Fukuoka 812-8582 (Japan)


[c] Prof. Dr. K. Kataoka
Department of Materials Science and Engineering
Graduate School of Engineering, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (+ 81) 3-5841-7139
E-mail : kataoka@bmw.t.u-tokyo.ac.jp


[d] Prof. Dr. Y. Nagasaki
Current address :
Tsukuba Research Center for Interdisciplinary Materials Science
University of Tsukuba, Tsukuba 305-8573 (Japan)


718 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/cbic.200400334 ChemBioChem 2005, 6, 718 – 725







interaction between PEG–polycation block copolymer and anti-
sense ODN seems to be weak under extremely dilute condi-
tions, due to the low molecular weight of the antisense ODN,
with this often leading to the dissociation of the PIC micelles
below the critical association concentration (cac). Therefore,
the stability of the PIC micelles used for entrapping the anti-
sense ODNs needs to be further improved for use in systemic
ODN delivery. On the other hand, the smooth and efficient re-
lease of entrapped antisense ODNs from PIC micelles into the
intracellular environment after their trafficking into the target
cells is needed to achieve an antisense effect.


Recently, our group[9] and Park et al.[10] have independently
reported novel PIC micelles composed of an alternative combi-
nation of an anionic PEG–ODN conjugate bearing an acid-
labile linkage between the PEG and the antisense ODN seg-
ment and a polycation of appreciable molecular weight. Im-
proved stability of the PIC micelles is to be expected from this
approach, due to the increased association force of the entrap-
ped polycations of appreciable molecular weight. In addition
to showing resistance against enzymatic degradation and mini-
mal interaction with negatively charged biomacromolecules,
the PEG–ODN/polycation PIC micelles underwent cleavage of
the acid-labile linkages between PEG and antisense ODN seg-
ments in response to the endosomal pH, which is known to be
1.4–2.4 units lower than that found under standard physiologi-
cal conditions.[11] The detachment process of the PEG segment
in response to the pH decrease in the endosomal compart-
ment would be expected to correspond to the transport of the
free (active) antisense ODN moiety from endosome to cyto-
plasm. Nevertheless, PEG–ODN/polycation PIC micelles may
show reduced cellular uptake due to limited interaction be-
tween the PEG shell of the micelle and the cell membrane, so
installation of specific ligand molecules on the surfaces of the
PEG–ODN/polycation PIC micelles is indispensable in order to
achieve specific and enhanced cellular uptake through recep-
tor-mediated endocytosis, allowing the effective dose of anti-
sense ODN to be reduced.


Here we wish to report the preparation and bioactivity of
pH-sensitive lactosylated PIC micelles composed of a lactosy-
lated PEG–ODN conjugate (Lac-PEG-ODN) bearing an acid-
labile linkage between PEG and ODN segments and poly(l-
lysine) (PLL), as shown in Figure 1. The lactose moieties on the
surfaces of the PIC micelles act as a specific ligand for hepato-
cytes (liver cells), because hepatocytes are known to have an
abundance of asialoglycoprotein (ASGP) receptors that recog-
nize and internalize glycoproteins bearing terminal lactose


moieties.[12] The lactosylated PIC micelles could potentially be
expected to show enhanced antisense effects relative to PIC
micelles without lactose moieties, due to the enhancement of
cellular uptake through ASGP receptor-mediated endocytosis.


Results and Discussion


Synthesis of the lactosylated poly(ethylene glycol)–oligo-
deoxynucleotide (Lac-PEG-ODN) conjugate


A synthetic route to Lac-PEG-ODN conjugate is shown in
Scheme 1. A heterobifunctional PEG bearing an allyl group at
the a-end and a hydroxy group at the w-end (Ally-PEG-OH)
was synthesized by anionic ring-opening polymerization of
ethylene oxide with use of the allyl alcohol/potassium/naph-
thalene initiator system.[13] The radical addition of 3-mercapto-
propionic acid to the Allyl-PEG-OH in the presence of AIBN
quantitatively afforded a carboxylic acid-PEG-OH (HOOC-PEG-
OH), which was in turn converted into a HOOC-PEG-Acrylate
by treatment with acryloyl chloride in the presence of triethyl-
amine. According to SEC and 1H NMR analyses (Figure 2), the
molecular weight of the HOOC-PEG-Acrylate (SEC: Mn = 4450,
Mw/Mn = 1.04 and 1H NMR: Mn = 4630) agrees with the calculat-
ed molecular weight (calcd. Mn = 5060), and a carboxylic acid
group and an acrylate group were shown to have been quanti-
tatively introduced at the a-end and the w-end of the PEG, re-
spectively. The quantitative introduction of a lactose group at
the carboxylic acid end of the HOOC-PEG-Acrylate was also
performed by treatment with excess 4-aminophenyl b-d-lacto-
pyranoside in the presence of 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccini-
mide (NHS). A 1H NMR spectrum of the Lac-PEG-Acrylate is
shown in Figure 3 with assignments, the peaks of aromatic res-
idue assignable to 4-aminophenyl b-d-lactopyranoside moiety
being clearly observable at d= 7.14 and 7.34 ppm, along with
the acrylate peaks at d= 5.83–6.54 ppm. From the integral
ratios between aromatic peaks and acrylate peaks or PEG back-
bone peaks at 3.65 ppm, it was confirmed that the lactose
moiety had been quantitatively introduced at the PEG end. To
obtain a Lac-PEG-ODN conjugate bearing an acid-labile linkage
(b-thiopropionate linkage), a Michael reaction between the
3’-thiol-modified antisense ODN (5’-ATG CCC ATA CTG TTG AG�
CH2CH2CH2SH, firefly luciferase, pGL3-control antisense se-
quence[14]) and excess Lac-PEG-Acrylate (10 equiv) was carried
out according to our previous report.[9] For the controls, Ace-
PEG-ODN conjugate bearing an acetal group at the PEG end


and Lac-PEG-scrODN conjugate
bearing a scrambled ODN se-
quence were also synthesized.
Furthermore, a Lac-PEG-Mal-ODN
conjugate with no acid-labile
linkage between PEG and ODN
segments was synthesized
through a Michael reaction be-
tween Lac-PEG-Maleimide and
the 3’-thiol-modified ODN, as
shown in Scheme 1.Figure 1. Illustration of the PIC micelle.
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Cellular association and internalization of the PIC micelles


The obtained Lac-PEG-ODN conjugate would be expected to
form a PIC micelle through electrostatic interaction on mixing
with the appropriate polycation, as illustrated in Figure 1. w-
FITC-labeled (FITC = fluorescein isothiocyanate) Lac-PEG-ODN


conjugate and w-FITC-labeled
Ace-PEG-ODN conjugate were
separately mixed with PLL
(degree of polymerization (DP) =


460, Mw = 75 900) with an equal
unit molar ratio of the phos-
phate group in the PEG–ODN
conjugate and amino group in
PLL (N/P = 1) to form the FITC-
labeled PIC micelles. The fluores-
cence from the Lac-PEG-ODN-
FITC/PLL PIC micelles and Ace-
PEG-ODN-FITC/PLL PIC micelles
was viewed under a fluorescence
microscope at different time in-
tervals (30 and 120 min) after
their addition to cultured HuH-7
cells in the presence of 10 %
fetal bovine serum (FBS)


(Figure 4). Note that HuH-7 cells express quite a few ASGP re-
ceptors that recognize and internalize compounds bearing ter-
minal lactose moieties. The association of the Lac-PEG-ODN-
FITC/PLL PIC micelles with the HuH-7 cells and their internaliza-
tion were observed as early as after 30 min of incubation, and


Scheme 1. Synthetic route to Lac-PEG-ODN.


Figure 2. a) 1H NMR spectrum, and b) SEC chromatogram of HOOC-PEG–acrylate.
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furthermore, the number of fluorescence staining cells and the
fluorescence intensity of each staining cell increased with pro-
longation of incubation time from 30 min to 120 min (26 %!
49 % fluorescence positive cells). In contrast, low cellular associ-
ation of Ace-PEG-ODN-FITC/PLL PIC micelles with HuH-7 cells
and low internalization into them was observed even at
120 min (21 % fluorescence-positive cells). This result strongly
suggests that cellular association and internalization of a Lac-
PEG-ODN-FITC/PLL PIC micelle may occur by an ASGP recep-
tor-mediated process, whereas Ace-PEG-ODN-FITC/PLL PIC mi-
celles are taken up into cells only by fluid-phase endocytosis,
known to be a substantially slower process than receptor-
mediated endocytosis.[15]


Antisense activity of the PIC micelles evaluated by
dual luciferase reporter assay


To evaluate the antisense efficiency of the Lac-PEG-
ODN in the PIC micelle delivery system, we carried
out a dual luciferase reporter assay in HuH-7 cells.
Open and closed bars in Figure 5 show the antisense
effects of Ace-PEG-ODN/PLL and Lac-PEG-ODN/PLL
PIC micelles (N/P = 1, PLL; DP = 460, Mw = 75 900), re-
spectively, in the presence of 10 % FBS as a function
of the concentration of the conjugate. As the conju-
gate concentration increases, firefly luciferase expres-
sion of the cells treated with Ace-PEG-ODN/PLL PIC
micelles or Lac-PEG-ODN/PLL micelles was progres-
sively reduced in dose-dependent manner (*P<0.05).
It was also noticed that the antisense effect of the
Lac-PEG-ODN/PLL PIC micelles was approximately 1.5
times higher than that of Ace-PEG-ODN/PLL micelles
at 5 and 10 mm (*P<0.05). When asialofetuin (ASF), a
natural glycoprotein ligand for the ASGP receptor,
was preincubated with the cells (10 mg mL�1) for


30 min before the addition of
the Lac-PEG-ODN/PLL PIC mi-
celle, the antisense effect was
reduced significantly even at
10 mm : from 65 % inhibition to
38 % inhibition (hatched bar 1),
the same level as achieved by
Ace-PEG-ODN/PLL micelles. Since
the ASF is known to act as an in-
hibitor of ASGP receptor-mediat-
ed endocytosis,[16] it is likely that
an appreciable fraction of the
Lac-PEG-ODN/PLL PIC micelle
may be taken up into HuH-7
cells by an ASGP receptor-medi-
ated endocytosis process to ach-
ieve pronounced antisense activ-
ity in relation to that produced
by Ace-PEG-ODN/PLL micelles
without any particular affinity
toward cellular receptors.


It is worth noting that no re-
duction in firefly luciferase expression was observed even at
10 mm for Lac-PEG-scrODN/PLL PIC micelle (hatched bar 4), a
micelle containing a conjugate of scrambled ODN sequence,
indicating that inhibition of firefly luciferase expression by the
Lac-PEG-ODN/PLL PIC micelles is indeed a sequence-specific
event. Non-micelle systems—the 3’-unmodified antisense ODN
alone (hatched bar 2) and Lac-PEG-ODN conjugate alone
(hatched bar 3)—failed to inhibit the firefly luciferase expres-
sion even at high concentrations (up to 10 mm). This may be
explained either by a much more rapid enzymatic degradation
of antisense ODN and PEG–ODN conjugate in the medium, rel-
ative to the PIC micelle,[9] or by impaired diffusivity of naked
antisense ODN and Lac-PEG-ODN conjugate, with their nega-
tively charged and hydrophilic characters, through the nega-


Figure 3. 1H NMR spectrum of lactose-PEG–acrylate.


Figure 4. Association and internalization of the Ace-PEG-ODN-FITC/PLL PIC micelles (N/P = 1) and Lac-PEG-ODN-FITC/
PLL PIC micelles (N/P = 1) in HuH-7 cells after 30 or 120 min incubation. The PIC micelles used and the incubation
time were as follows : a), b) Ace-PEG-ODN-FITC/PLL PIC micelle, 30 min. c), d) Ace-PEG-ODN-FITC/PLL PIC micelle,
120 min. e), f) Lac-PEG-ODN-FITC/PLL PIC micelle, 30 min. g), h) Lac-PEG-ODN-FITC/PLL PIC micelle, 120 min. a, c, e,
and g are fluorescent images, and b, d, f, and h are phase-contrast images.
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tively charged cell membrane. It should also be noted that the
Lac-PEG-Mal-ODN/PLL micelle, a micelle containing the conju-
gate with a non-acid-labile linkage,[17] was less effective than
the Lac-PEG-ODN/PLL PIC micelle: the former showed 27 % in-
hibition (hatched bar 5), whereas the latter achieved 65 % in-
hibition at 10 mm (closed bar). The significant difference in anti-
sense effects between Lac-PEG-ODN/PLL PIC micelle and Lac-
PEG-Mal-ODN/PLL PIC micelle can be ascribed to the difference
in the natures of their linkages between PEG and ODN seg-
ments. The Lac-PEG-ODN conjugate contains an acid-labile (b-
thiopropionate) linkage that is cleavable in the low-pH endo-
some environment, provoking the release of hundreds of free
PEG strands from the PIC micelle to increase the colloidal os-
motic pressure within the endosomal compartment,[18] and
eventually to induce the swelling and disruption of the endo-
some. This event may facilitate the transport of free antisense
ODN into cytoplasm. On the other hand, the Lac-PEG-Mal-ODN
conjugate, bearing a stable thiomaleimide linkage not cleava-
ble in the endosomal compartment, may have no contribution
in facilitating endosomal escape through osmotic pressure in-
crease. Furthermore, the presence of PEG strands may restrict
the interaction of ODN segments with target mRNA in cyto-
plasm through steric hindrance, as observed by Moulton et al.
for conjugates of antisense phosphorodiamidate morpholino
oligomers with peptide.[19] These results indicate that the
design of the engineered linkage with programmed sensitivity
toward intracellular environment (“smart” PEGylation) is of im-


portance in the successful delivery of the PEG-antisense ODN
conjugate.


The effect of the PLL length on the antisense activity of the
PIC micelles


The effect of the PLL length (DP) on the antisense effect of the
PIC micelles was then examined by comparing PLLs with vary-
ing DPs (40, 100, and 460). As can be seen in Figure 6 a, a strik-
ing effect of PLL length on antisense efficacy of the PIC micelle
was observed: micelles prepared from shorter PLL components
(DP = 40, Mw = 8300) showed only limited efficacy at 5 mm an-
tisense ODN with a 24 h incubation period (*P<0.05) relative
to those with longer PLLs (DP = 100, Mw = 20 900 and 460,


Mw = 75 900). Presumably the PIC micelles formed from PLL
(DP = 40) may be unstable under the extremely dilute condi-
tions ([ODN]�5 mm) due to the critical dissociation phenomen-
on, leading to the enzymatic degradation of the Lac-PEG-ODN
conjugate. The effect of the incubation time was then further
studied for the PIC micelles prepared from the PLLs of DP =


100 and 460. After incubation of HuH-7 cells with PIC micelles
for 24 h, the medium was changed to a fresh one free of PIC
micelles to continue the culture for a designated time period
(24, 48, and 72 h). As can be seen in Figure 6 b, both PIC mi-
celles composed of PLL with DP = 100 and DP = 460 (N/P = 1)
exhibited an appreciable time-dependent increase in antisense
effect even at 1 mm. The antisense effect of the PIC micelle
with PLL (DP = 460) reached a constant value after 48 h post-


Figure 5. Antisense effects against firefly luciferase gene expression in cultured
HuH-7 cells. Open and closed bars show results for the Ace-PEG-ODN/PLL PIC
micelles and the Lac-PEG-ODN/PLL PIC micelles, respectively, at varying concen-
trations. Hatched bars are results for: 1) Lac-PEG-ODN/PLL PIC micelle at 10 mm


with ASF, 2) antisense ODN alone at 10 mm, 3) Lac-PEG-ODN conjugate alone
at 10 mm, 4) Lac-PEG-scrODN/PLL PIC micelle at 10 mm, and 5) Lac-PEG-Mal-
ODN/PLL PIC micelle at 10 mm. Normalized ratios between the firefly luciferase
activity (firefly luc.) and the renilla luciferase activity (renilla luc.) are shown in
the ordinate. The indicated concentrations of conjugate and antisense ODN
were the final concentrations in the total transfection volume (250 mL). The
data are shown as the averages from triplicate experiments �SD. P*<0.05.


Figure 6. Effect of : a) PLL length (DP = 40 &, 100 &, and 460 &), and b) post-
incubation time (24, 48, and 72 h) on the antisense effect of the lactosylated
PIC micelles. Normalized ratios between the firefly luc. and the renilla luc. are
shown in the ordinate. The final concentrations of conjugate in the total trans-
fection volume (250 mL) were 1 mm (squares) or 5 mm (circles) for DP = 100
(open symbol) or DP = 460 (filled symbol). The data are shown as the averages
from triplicate experiments �SD. P*<0.05.
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incubation, whereas that with PLL (DP = 100) exhibited an
almost liner increase in antisense effect with the post-incuba-
tion time period. Notably, a significant antisense effect was
achieved for the PIC micelles with PLL (DP = 100) (45 % inhibi-
tion at 1 mm and 62 % inhibition at 5 mm) after 72 h post-incu-
bation relative to that with PLL (DP = 460) (35 % inhibition at
1 mm and 42 % inhibition at 5 mm). A lowered antisense effect
for the systems with longer PLL (DP = 460) is presumably due
to overstabilization of the PIC core, restricting the release of
the antisense ODN into the cytoplasm.


The effect of the polycation structure in the PIC core on the
antisense activity


To study the effect of the polycation structure in the PIC core
on the antisense effects of PIC micelles, branched poly(ethylen-
imine) (B-PEI, DP = 580, Mw = 25 000) was chosen as the counter
polycation, as it has often been used for gene delivery in the
form of DNA/B-PEI complexes displaying high transfection effi-
ciency due to the endosomal disruption property of B-PEI (so
called “buffer” or “proton-sponge” effect).[20] Nevertheless, the
antisense effect of Lac-PEG-ODN/B-PEI PIC micelles (N/P = 1,
9 % inhibition at 5 mm and 42 % inhibition at 10 mm) was lower
than that of Lac-PEG-ODN/PLL micelles (N/P = 1) at 5 and
10 mm (*P<0.05), as shown in Figure 7. Presumably, the buffer
effect of the B-PEI may prohibit the decrease in the endosomal
pH,[21] and this should be unfavorable for the cleavage of the
acid-labile linkage (b-thiopropionate) of the Lac-PEG-ODN con-
jugate in the endosome, leading to the release of intact and
relatively less active Lac-PEG-ODN conjugate into the cyto-
plasm.


Conclusion


In conclusion, this study reports the preparation of a novel
intracellular environment-responsive and targetable antisense
ODN delivery system based on the PIC micelle composed of
PLL and Lac-PEG-ODN conjugate bearing an acid-labile linkage
(b-propionate) between PEG and ODN segments. The lactosy-
lated PIC micelles thus prepared exhibited better association
with HuH-7 cells than the lactose-free PIC micelles, as observed
by fluorescence microscopy at different time intervals. Delivery
of antisense ODN by lactosylated PIC micelle resulted in a sig-
nificant antisense effect (65 % inhibition) for firefly luciferase
expression in HuH-7 cells, far more efficient than achieved by
using the 3’-unmodified antisense ODN alone (3 % inhibition),
Lac-PEG-ODN alone (3 % inhibition), or lactose-free PIC micelles
(45 % inhibition), as evaluated by dual luciferase reporter assay.
This pronounced antisense effect of the lactosylated PIC mi-
celles indicates that ASGP receptor-mediated endocytosis is
considerably involved in the cellular uptake of the lactosylated
PIC micelles. Furthermore, a decrease in antisense effect was
observed for the lactosylated PIC micelles without any acid-
labile linkage (65!27 % inhibition), suggesting that cleavage
of the acid-labile linkage may occur in response to the lower
pH in the endosomal compartment, inducing the efficient re-
lease of the active (free) antisense ODN from the PIC core.
Such structural parameters—length and type of counter poly-
cation used to make PIC micelles—substantially affected their
antisense effects. Significant antisense effects of the PIC mi-
celles (63 % inhibition at 5 mm and 45 % inhibition at 1 mm)
were achieved at 72 h post-incubation time by using PLL with
DP = 100, presumably due to the efficient release of antisense
ODN from the PIC core through the polyanion exchange reac-
tion in cytoplasm after the detachment of the PEG shell from
the PIC micelle in the endosome. All of these results indicate
that the system reported here is highly feasible as a smart
intracellular delivery system for antisense ODN and related
nucleotide compounds for diverse therapeutics.


Experimental Section


Materials : Tetrahydrofuran, ethylene oxide (Sumitomo Seika), allyl
alcohol (Wako), triethylamine (Wako), and acryloyl chloride (Wako)
were purified by conventional methods. Propan-2-ol, 3-mercapto-
propionic acid, 2,2’-azobisisobutyronitrile (AIBN), 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide hydrochloride (EDC), and N-hydroxy-
succinimide (NHS) were purchased from Wako and were used with-
out further purification. 4-Aminophenyl b-d-lactopyranoside was
purchased from Toronto Research Chemicals, Inc. Potassium naph-
thalene was used as a THF solution, the concentration of which
was determined by titration. Water was purified with a Milli-Q ap-
paratus (Millipore). Plasmid DNAs (pDNA) encoding firefly luciferase
(pGL3-Control, Promega; 5256 bpa) and renilla luciferase (pRL-TK,
Promega; 4045 bpa) were amplified by use of EndoFree Plasmid
Maxi or Mega Kits (QIAGEN). The DNA concentration was deter-
mined by reading of the absorbance at 260 nm. PLL (DP = 40, Mw =
8300; DP = 100, Mw = 20 900; DP = 460, Mw = 75 900) and B-PEI
(DP = 580, Mw = 25 000) were purchased from Sigma and Aldrich,
respectively. 3’-Thiol-modified ODNs (5’-ATG CCC ATA CTG TTG AG-
CH2CH2CH2SH, firefly luciferase, pGL3-control antisense sequence,[14]


Figure 7. Effect of PIC core polycation structure on the antisense effects of the
lactosylated PIC micelles. Normalized ratios between the firefly luc. and the re-
nilla luc. are shown in the ordinate. The indicated concentrations of conjugate
were the final concentrations in the total transfection volume (250 mL): & B-PEI
PIC micelles, & PLL PIC micelles. The data are shown as the averages from trip-
licate experiments �SD. P*<0.05.


ChemBioChem 2005, 6, 718 – 725 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 723


Polyion Complex Micelles for Oligonucleotide Delivery



www.chembiochem.org





and 5’-TCC GTC TAATGA CGA GT-CH2CH2CH2SH, scrambling se-
quence) were synthesized as in our previous report[9] with a DNA
synthesizer (94DNA/RNA Synthesizer, Applied Biosystems).


Polymer analysis : 1H NMR (400 MHz) spectra were obtained in
D2O with a JEOL EX400 spectrometer. Chemical shifts are reported
in ppm relative to D2O (d= 4.79, 1H). Size exclusion chromatogra-
phy (SEC) in an organic solvent was performed with a TOSO HLC-
8020 apparatus equipped with an internal refractive index (RI) de-
tector (RID-6 A) with a combination of TSK G4000HR and G3000HR


columns and THF as the eluent.


Synthesis of HOOC-PEG-OH : Allyl-PEG-OH (Mn = 4340, Mw/Mn =
1.03) was prepared as in the previous report.[13] Allyl-PEG-OH
(4.34 g, 1.0 mmol) was dissolved in anhydrous THF (30 mL), togeth-
er with 3-mercaptopropionic acid (1.6 g, 15 mmol, 15 equiv) and
AIBN (0.123 g, 0.75 mmol, 0.75 equiv), and the resulting mixture
was degassed by three freeze–pump–thaw cycles. The radical addi-
tion was carried out at 70 8C for 24 h. The polymer was recovered
by precipitation in cold propan-2-ol (�15 8C, 2 L) and centrifuged
for 45 min at 6000 rpm. Further purification was carried out by
dialysis against distilled, deionized water (MW cutoff 3500), and the
product was then freeze-dried to give HOOC-PEG-OH (3.64 g, 82 %
yield). SEC Mn = 4330, Mw/Mn = 1.04 (calcd. Mn = 5010); 1H NMR
(D2O): d= 1.83–1.96 (m, 2 H; NaOOCCH2CH2�S�CH2CH2CH2O�), 2.57
(t, J = 7.6 Hz, 2 H; NaOOCCH2CH2�S�), 2.63 (t, J = 7.2 Hz, 2 H;
NaOOCCH2CH2�S�CH2CH2CH2O�), 2.82 (t, J = 7.6 Hz, 2 H; NaOOC-
CH2CH2�S�), 3.63 ppm (s, 457 H; PEG-backbone)


Synthesis of HOOC-PEG-acrylate : A solution of the HOOC-PEG-OH
(2.0 g, 0.45 mmol) and Et3N (0.911 g, 9.0 mmol, 20 equiv) in THF
(15 mL) was added dropwise over 1 h at 0 8C to a mixture of acrylo-
yl chloride (0.400 g, 4.5 mmol, 10 equiv) in THF (5.0 mL). The reac-
tion was allowed to proceed at 0 8C for 24 h in the dark. The poly-
mer was recovered by precipitation in cold propan-2-ol (�15 8C,
1 L) and centrifuged for 45 min at 6000 rpm. Further purification
was carried out by dialysis against distilled, deionized water (MW


cutoff 3500) and the product was then freeze-dried to give HOOC-
PEG-acrylate (1.60 g, 79 % yield). SEC Mn = 4450, Mw/Mn = 1.04
(calcd. Mn = 5060); 1H NMR (D2O, in Figure 2): d= 1.81–1.94 (m, 2 H;
�Hd), 2.55 (t, J = 7.6 Hz, 2 H; �Ha), 2.63 (t, J = 7.2 Hz, 2 H; �Hc), 2.80
(t, J = 7.6 Hz, 2 H; �Hb), 3.63 (s, 410 H; PEG-backbone, �He), 4.36 (t,
J = 6.4 Hz, 2 H; �Hf), 5.98 (dd, J = 1.8, 12.8 Hz, 1 H; �Hh), 6.23 (dd,
J = 12.8, 25.4 Hz, 1 H;�Hg), 6.44 (dd, J = 1.8, 12.8 Hz, 1 H;�Hh).


Lactosylation of HOOC-PEG-acrylate : The HOOC-PEG-acrylate
(100 mg, 22 mmol) and 4-aminophenyl b-d-lactopyranoside (48 mg,
111 mmol) were dissolved in MES buffer (25 mm, pH 6.6, 5.0 mL) to-
gether with EDC (532 mg, 2.78 mmol, 125 equiv) and NHS (64 mg,
555 mmol, 25 equiv). The reaction mixture was stirred at room tem-
perature for 24 h. The polymer was recovered by precipitation in
cold propan-2-ol (�15 8C, 200 mL) and centrifuged for 45 min at
6000 rpm. Further purification was carried out by dialysis against
distilled, deionized water (MW cutoff 3500) and the product was
then freeze-dried to give lactose-PEG-acrylate (69 mg, 67 % yield).
SEC Mn = 4630, Mw/Mn = 1.04 (calcd. Mn = 5490); 1H NMR (D2O, in
Figure 3): d= 1.79–1.95 (m, 2 H; �Hd), 2.37~2.41 (m, 4 H; �Hd, �Hf),
2.63 (t, J = 7.2 Hz, 2 H; �He), 3.65 (s, 452 H; PEG-backbone, �Hh),
4.37 (t, J = 6.4 Hz, 2 H; �Hi), 4,46~4,54 (m, 1 H; �Ha), 5.13~5.19 (m
1 H; �Ha), 5.98 (dd, J = 1.8, 12.8 Hz, 1 H; �Hk), 6.21 (dd, J = 12.8,
25.4 Hz, 1 H; �Hj), 6.43 (dd, J = 1.8, 12.8 Hz, 1 H; �Hk), 7.14 (d, J =
7.7 Hz, 2 H;�Hc), 7.39 ppm (d, J = 7.7 Hz, 2 H;�Hb).


Synthesis of PEG–ODN conjugates : To obtain a Lac-PEG-ODN con-
jugate bearing an acid-labile linkage, a Michael reaction of the 3’-
thiol-modified ODN with excess lactose-PEG-acrylate (10 equiv) was


carried out according to our previous report (79 % yield).[9] In addi-
tion, three types of PEG–ODN conjugate—possessing an acetal
group at the PEG end (Ace-PEG-ODN, 84 % yield), a scrambled
ODN-sequence (Lac-PEG-scrODN, 88 % yield), and a non-acid-labile
linkage (Lac-PEG-Mal-ODN, 67 % yield)—were also synthesized in
the same manner. 1H NMR (for Ace-PEG-ODN conjugate, D2O):
d= 1.19 (t, J = 9.4 Hz, 6 H; �OCH2CH3), 1.73 (t, J = 7.3 Hz, 2 H;
�SCH2CH2COO�), 1.81–2.33 (m, 36 H; 2’-methylene + ODN�
CH2CH2CH2S�), 2.43 (t, J = 7.3 Hz, 2 H; �CH2CH(OEt)2), 3.02–3.16
(m, 4 H; �CH2SCH2�) 3.58 (s, 432 H; PEG-backbone + ODN�
CH2CH2CH2S� + �OCH2CH3), 3.88–3.94 (m, 36 H; 4’-methine +
�COOCH2�), 4.16 (s, 34 H; 5’-methylene), 4.48 ppm (t, J = 7.3 Hz,
1 H; �CH2CH(OEt)2). 1’-Methine protons and 3’-methine protons
were overlapped by the peak of H2O (4.79 ppm).


Preparation of PIC micelle : Specific amounts of the PEG–ODN
conjugates and polycations were dissolved in Tris-HCl buffer
(10 mm, pH 7.4) to prepare the stock solutions. The solutions were
filtered through a 0.1 mm filter to remove the dust. The PEG–ODN
conjugate stock solution was mixed with polycation stock solution
at an equal unit molar ratio of phosphate group in the PEG–ODN
conjugate and amino group in the polycation (N/P = 1), followed
by the addition of Tris-HCl buffer (10 mm, pH 7.4) including NaCl
(0.3 m) to adjust the ionic strength of the solution to physiological
conditions (0.15 m NaCl). The size and size distribution of the PIC
micelle was elucidated by DLS measurements(DLS-7000, Photal,
Otsuka Electronics).[9]


Cell culture : HuH-7 human cancer cells derived from a hepatocar-
cinoma cell line were obtained from the Cell Resource Center for
Biomedical Research, Institute of Development, Aging, and Cancer,
Tohoku University. The cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with fetal bovine serum
(FBS, 10 %), penicillin (100 units mL�1), and streptomycin
(100 mg mL�1) at 37 8C in a humidified 5 % CO2 atmosphere.


Fluorescence microscopy : FITC-labeled (FITC = fluorescein isothio-
cyanate) Lac-PEG-ODN and Ace-PEG-ODN conjugates were pre-
pared from 5’-FITC- and 3’-thiol-modified ODN and lactose-PEG-ac-
rylate. HuH-7 cells were seeded at a density of 5 � 105 cells per dish
in a 35 mm glass-bottomed dish (Iwaki, Japan) and kept overnight
at 37 8C in a 5 % CO2 atmosphere. The Lac-PEG-ODN-FITC/PLL and
Ace-PEG-ODN-FITC/PLL PIC micelles (N/P = 1, PLL; DP = 460) were
added at a conjugate concentration of 1 mm and incubated at
37 8C in a 5 % CO2 atmosphere for the designated time (30 and
120 min). The cells were washed three times with phosphate buf-
fered saline (PBS) and imaged directly in the cell culture medium
with an Olympus IX70 and an appropriate filter.


Dual luciferase reporter assay : HuH-7 cells were plated in a 24-
well plate (5 � 104 cells per well) to reach about 50 % confluence at
transfection. The cells were grown for 24 h and the culture
medium was changed to OPIMEM I. The cells were co-transfected
with two luciferase plasmids (firefly luciferase, pGL3-control and re-
nilla luciferase, pRL-TK) in the presence of LipofectAMINE (Invitro-
gen). For each well, pGL3 (0.0835 mg) and pRL (0.75 mg) were ap-
plied; the final volume was 250 mL per well. The cells were incubat-
ed for 4 h, and the transfection medium was then changed to
DMEM with FBS (10 %, 225 mL per well). The PIC micelle (N/P = 1)
(25 mL per well) was added to make up a prescribed concentration.
After 24 h incubation, the transfection medium was changed to
fresh DMEM with FBS (10 %), and the cells were further incubated
for the designated time (24, 48, and 72 h). The luciferase expres-
sion was monitored with the dual luciferase assay kit (Promega)
and ARVOSX-1 (Perkin–Elmer).
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Synthesis and Antiapoptotic Activity of a Novel
Analogue of the Neutral Sphingomyelinase
Inhibitor Scyphostatin
Ralf A. Claus,[b] Annette W�stholz,[c] Stefan M�ller,[c] Clemens L. Bockmeyer,[b]


Norman H. Riedel,[c] Ralf Kinscherf,[d] and Hans-Peter Deigner*[a]


Introduction


Sphingolipids—integral constituents of eukaryotic mem-
branes—have emerged as a particularly rich source of bioac-
tive molecules such as ceramides. The generation of products
serving as signalling molecules and bioeffectors is initiated
by degradation of membrane sphingolipids. The hydrolysis
of sphingomyelin by specific enzymes, sphingomyelinases
(SMases), which is also observed in response to various extra-
cellular stimuli including vitamin D3, interferon-g (IFN-g),
tumour necrosis factor alpha (TNF-a) and interleukin-1, results
in transient and sustained elevations in the levels of ceramide
(Cer) with variable kinetics.[1] Due to the plethora of biological
effects modulated by ceramides, including cellular differentia-
tion, proliferation, cell-cycle control and induction of apoptosis,
the neutral isoforms of these enzymes (nSMases)—which dis-
play maximal activities at neutral pH values[1]—emerge as
highly interesting targets for the development of novel anti-
apoptotic,[2, 3] antineurodegenerative[4] and anti-inflammatory
drugs.[5]


Scyphostatin (1), the first specific potent low-molecular-
weight inhibitor of the nSMases isolated from the mycelial ex-
tract of Trichopeziza mollissima, was described several years
ago (Scheme 1).[5, 6] Due to the unique and stimulating struc-
ture of this compound as well as its important pharmacologi-
cal activity, the synthesis and structural elucidation[5–7] of scy-
phostatin and its analogues have recently been the subject of
several synthetic studies.[8–11] Several approaches to the core


structure have appeared lately.[12] In the course of on-going in-
vestigations towards an efficient synthesis, Izuhara and Katoh
first reported the synthesis of the protected cyclohexenone
moiety.[8] Recently, a (4R,5R)-2,3-dimethoxybutanediyldioxy pro-
tected cyclohexenone was prepared as a building block for
scyphostatin synthesis.[13] Kenworthy et al. used a tethered ami-
nohydroxylation of 1-allyl-cyclohexanol to yield a b-amino al-
cohol intermediate with the required stereochemistry.[14] The
asymmetric synthesis of the side-chain unit was also success-
fully achieved and its stereochemistry unambiguously con-
firmed, first by Hoye and Tennakoon, and again recently by
Japanese groups using asymmetric carboalumination.[7] It is of
note that during the review process of this paper, Inoue et al.
described the total synthesis by starting from a d-arabinose
derivative and Garner aldehyde for preparation of the cyclo-
hexene moiety and from a vinyl iodide derivative for the fatty
acid.[15]


The key feature of the structure of scyphostatin is a highly
functionalised cyclohexenone moiety with a quaternary carbon


[a] Prof. Dr. H.-P. Deigner
Biomedicinal Chemistry, School of Chemical Sciences and Pharmacy
University of East Anglia, Norwich NR4 7TJ (UK)
Fax: (+ 44) 1603-592003
E-mail : h-p.deigner@uea.ac.uk


[b] Dr. R. A. Claus, C. L. Bockmeyer
Department for Anaesthesiology and Intensive Care Therapy
Division for Experimental Anaesthesiology
Friedrich-Schiller-University Jena, Research Centre Lobeda
Erlanger Allee 101, 07747 Jena (Germany)


[c] Dr. A. W�stholz, Dr. S. M�ller, Dr. N. H. Riedel
Institute for Pharmacy and Molecular Biotechnology
University of Heidelberg
Im Neuenheimer Feld 364, 69120 Heidelberg (Germany)


[d] Priv.-Doz. Dr. R. Kinscherf
Department of Anatomy and Cell Biology III
University of Heidelberg
Im Neuenheimer Feld 307, 69120 Heidelberg (Germany)


The enantioselective synthesis of an analogue of scyphostatin, a
potent inhibitor of the neutral sphingomyelinase, is described.
The synthesis starts with cyclohexanone and a protected d-serine
derivative. The key step is an asymmetric hydroxylation to access
a hydroxycyclohexanone, which is transformed into a substituted
hydroxycyclohexenone. This is converted into the scyphostatin
analogue 14, a chemically and metabolically stabilised com-


pound lacking the epoxy function of the natural congener and
carrying a palmitic acid group instead of the native trienoyl resi-
due. An evaluation of the biological activity of 14 revealed neu-
tral sphingomyelinase inhibition in several in vivo test systems
(monocytes, macrophages, hepatocytes) monitoring antiapoptot-
ic effects and the inversion of phorbolester-induced translocation
of green fluorescent protein labelled kinase (protein kinase C-a).


Scheme 1. Structure of the neutral sphingomyelinase inhibitor Scyphostatin (1).
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centre and an a,b-unsaturated ketone, as well as a lipophilic
branched trienoyl side chain. Our intention was to gain
straightforward synthetic access to scyphostatin analogues
with simplified structures and with retention of the inhibitory
potency of the natural congener. We report here the stereo-
controlled preparation of an analogue lacking the epoxy func-
tion and with highly interesting biological activities.


Chemistry—Synthesis of the Scyphostatin
Analogue


The general synthetic strategy is based on the functionalisation
of cyclohexanone by the protected d-serine derivative serinal
(Scheme 2). The aldehyde 2 is accessible by diisobutylalumini-
um hydride (DIBALH) reduction of d-serine methyl ester hydro-
chloride.[16] The alcohol is transformed into the a,b-unsaturated
ketone 5 by mesitylation followed by an elimination with
DBU.[17] Compound 5 is hydrogenated to give the saturated
ketone 6. It is important to check the conditions for hydroge-
nation meticulously: overdosing with the utilised catalyst or an
improper extension of the reaction time gives high amounts of
the corresponding cyclohexanol, due to hydrogenation of the
enol structure of the enone 5.[18]


Upon coupling of the aldehyde 2 to cyclohexanone, the de-
sired S stereochemistry is obtained at the asymmetric amino-


substituted carbon atom. In all other early reaction steps, the
new asymmetric carbon atoms generated lead to diastereo-
mers; separation of the resulting diastereomers, however, is
not required since only the stereochemistry of the carbon
atom carrying the methyleneoxazolidine is essential for the
final product.


Transformation of the substituted cyclohexanone 6 into the
corresponding silyl enol ether 7 followed by an asymmetric
bishydroxylation according to the Sharpless method affords
the second asymmetric carbon atom of the cyclohexenone
moiety with the correct S stereochemistry (86 % diastereomeric
excess, determined by HPLC). By use of hexamethyldisilazane
and trimethylsilyliodide, the thermodynamically stable enol
ether 7 is preferentially formed over the kinetic product 8, and
the structures were confirmed by 1H NMR analysis to be in a
ratio of 85:15.[19] The enol ethers 7 and 8 can be separated
chromatographically.


Asymmetric bishydroxylation of the silyl enol ether 7 to
form the a-hydroxyketone 9 under conditions reported by
Sharpless and co-workers with AD mix b in basic milieu en-
riched by osmium(viii) oxide was found to be the most effi-
cient method for simultaneous generation of the stereogenic
centres.[20] The correct stereochemistry was confirmed by NOE
experiments and comparison with the respective NMR data of
the natural product.[5, 6] Remarkably, there were no rotamers


from the BOC protecting group
present in the spectra of substan-
ces 9–11 and 15–18, possibly due
to conformational rigidisation by
hydrogen bonds between the hy-
droxy groups and the nitrogen
atom.


Bromination of the a-hydroxy-
ketone 9 results in a bromo deriv-
ative,[21] which is transformed into
the cyclohexenone 10 by dehy-
drobromination with DBU.[22] At-
tempts to introduce an additional
C�C double bond by allylic bromi-
nation,[23] by introduction of a
phenylselenyl substituent in the
allyl position[24] followed by oxida-
tion of 11 (Scheme 3) or by direct
oxidation of 10 with DDQ,[25]


however, were unsuccessful. The
subsequent dehydrobromination
gave complex reaction mixtures,
and efforts to isolate the desired
oxidation product remained un-
successful.


The amino hydroxyketone 13 is
accessible by deprotection of the
cyclohexenone moiety 10 and can
be directly converted into the scy-
phostatin analogue 14 by stirring
with palmitic acid chloride at
�78 8C (Scheme 3).


Scheme 2. Synthesis of the cyclohexenone moiety 10. a) LDA, THF, �78 8C for 2 h, RT for 1 h, 84 %; b) Et3N, MsCl,
CH2Cl2, 0 8C, 2 h, 98 %; c) DBU, CH2Cl2, 0 8C for 1 h, RT for 12 h, 73 %; d) Pd/C, H2 (1 atm), EtOH (96 %), 30 min, 90 %;
e) HMDS, TMSI, THF, 0–25 8C, 2 h, 89 %; f) AD mix b, NaHCO3, OsO4, tBuOH/H2O (1:1), 0–25 8C, 36 h, 58 %; g) 1. LDA,
Br2, THF, CH2Cl2, �78 8C, 2 min, 98 %; 2. DBU, 115 8C, 5 h, 62 %. BOC = tert-butoxycarbonyl, LDA= lithiumdiisopropyl-
amide, THF = tetrahydrofuran, Ms = methanesulfonyl, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, HMDS = 1,1,1,3,3,3-
hexamethyldisilazane, TMS = trimethylsilyl.
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It is known that elimination by oxidation of selenenyl ke-
tones results in complex product mixtures.[26] Elimination of
the corresponding ethylene ketals, in contrast, affords good
yields of the desired products. Therefore, the synthetic strategy
was altered by the introduction of additional protecting
groups. The protection of the hydroxy group proved to be
necessary in order to obtain ketalysation of compound 11.[27]


Hydrolysis of the acetyl ester under basic conditions after keta-
lysation leads to allylic alcohol 18. Subsequent epoxidation
of 18, however, was unsuccessful, possibly due to steric hin-
drance by the spiro ketal group.


Biological Evaluation of the Scyphostatin
Analogue


Compound 14 was first examined for antiapoptotic properties
in a minimally modified low-density lipoprotein (mmLDL) or
TNF-a induced model of programmed cell death (PCD) with
human monocytes or macrophages.[3] By using fluorescence
microscopy, with untreated cells as controls (spontaneous
apoptosis rate 4.3 %), mmLDL-exposed macrophages revealed
a degree of 19.4 % of stained (apoptotic) cells, a value which
was set as 100 %. The analogue significantly inhibited mmLDL-


induced apoptosis in a concen-
tration-dependent manner at
concentrations up to 5 mm


(Figure 1). As depicted, the EC50


value calculated on the basis of
a regression analysis (r2 = 0.98)
is about 1.5 mm. In order to ana-
lyse potential effects on TNF-a-
induced apoptosis, freshly iso-
lated monocytes were treated
with the cytokine (10 ng mL�1,
4 h) to result in an apoptosis
rate of 18.4 % (untreated
sample: 9.4 %). As depicted in
Table 1 A, pretreatment with the
analogue 14 diminished the rel-
ative amount of fluorescent
(apoptotic) cells to 9.7 % at a
concentration of 0.1 mm. In all
experiments, no apoptogenic
effect of the plain analogue 14
was observed. Moreover, by
flow cytometric analysis, the in-
hibition of PCD induction was
determined by annexin staining
in comparison to propidium
iodide. In this experimental set-
ting, TNF-a stimulation also re-
sults in a doubling of the apop-
tosis rate (0.57 versus 1.08 % an-
nexin(V)-positive cells), whereas
preincubation with 14 abo-
lished the cytokine-induced
effect (0.58 %, p<0.05, ANOVA


Scheme 3. Synthesis of the scyphostatin analogue 14. a) LDA, PhSeCl, THF, �78 8C, 15 min, 80 %; b) TFA, CH2Cl2, H2O,
RT, 4 h, 89 %; c) CH3(CH2)14COCl, Et3N, THF, �78 8C, 91 %; d) H3CCOCl, DMAP, CH2Cl2, 4 h, 93 %; e) Me3SiOCH2CH2OSiMe3,
Me3SiOSO2CF3, CH2Cl2, 14 h, 63 %; f) H2O2, CH2Cl2, RT, 2 h, 46 %; g) NaOH, THF, RT, 30 min, quant. TFA = trifluoroacetic
acid, DMAP = 4-dimethylaminopyridine.


Figure 1. Concentration-dependent decrease of mmLDL-induced apoptosis by
preincubation with 14. Apoptosis of human MF was determined at day 7 after
isolation of monocytes: MF were incubated with 14 at concentrations as indi-
cated for 30 minutes prior to mmLDL addition (27 mg mL�1 for 4 h). Apoptosis
is expressed as the percentage of YOPRO-1 staining (2.5 mg mL�1) relative to
Hoechst staining.[3] The data represent the mean values � the standard devia-
tion of three experiments. The mmLDL-treated cells were set as 100 % (absolute :
19.4 %). Regression analysis results in a correlation coefficient of r2 = 0.98.
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testing, Table 1 B). For verification of apoptosis, a counterstain-
ing for dead cells with propidium iodide was performed in par-
allel. Neither the stimulus nor the inhibitor revealed a signifi-
cant effect.


To analyse the effect of 14 on the metabolism of endoge-
nous sphingomyelin (SM), we used monocytes labelled with a
fluorescent SM analogue.[28] The intracellular hydrolysis of SM
to Cer was found to be 18.5 % in untreated controls (Table 1 D);
the turnover rate, however, rose to 25.5 % after exposure to
mmLDL (27 mg mL�1 for 4 h) as determined by HPLC analysis,
according to previous results.[3] In this experimental setting,
preincubation with the synthetic analogue significantly re-
duced the relative content of Cer (at 1.0 and 0.1 mm inhibitor
14, respectively) and completely inhibited a change of the Cer/
SM ratio, so the values of the respective controls were retained
at 10 mm inhibitor concentration. We then examined the effect
on nSMase activity in cell extracts of (stimulated) cells : in fact,
14 inhibited the stimulus-dependent increase in sphingolytic
activity in a concentration-dependent manner (Table 1 E).


In addition, in order to analyse potential cytotoxic effects,
freshly isolated human monocytes were incubated with 14
(0.01–10 mm) for 16 h. No cytotoxic effects were observed in
human monocytes as determined by the release of lactate de-


hydrogenase (LDH). The per-
centage cytotoxicity was calcu-
lated according to the manufac-
turer’s instructions on the basis
of a background control, with a
high control value representing
the maximum release of LDH
(100 %) due to stimulation with
Triton X-100 (0.1 %) and a low
control value representing the
spontaneous LDH release from
untreated cells (0 %). Treatment
with 14 (10 mm) gave a value of
�13.6 % (three independent ex-
periments), a result indicating
that the compound displayed
no cytotoxic effects but may
rather increase viability.


In order to determine the in-
hibitory effect towards a neutral
SMase of bacterial origin (Bacil-
lus cereus), we measured enzy-
matic activities over five orders
of magnitude of inhibitor con-
centration up to 10 mm. We
found that 14 had no effect on
the isolated bacterial nSMase
(bSMase): no significant change
of enzyme activity was ob-
served after pretreatment of the
bSMase with 14 prior to addi-
tion of substrate (two inde-
pendent experiments, data not
shown).


A crude cellular preparation containing Mg2+-dependent
nSMase from a human cell line without previous stimulation
was used to study the mechanism of compound 14 as an in-
hibitor of neutral sphingomyelinase. Enzyme activity was deter-
mined with and without preincubation of cell lysate for 60 min
with the compound tested (14, 100 mm) in the absence of sub-
strate. Basal sphingolytic activity in the presence of Mg2 +


amounted to 168 pm/(min�mg)�12.3 and was diminished by
preincubation with compound 14 for 60 min, which resulted
in an activity of 59 pm/(min�mg)�4.8. Without preincubation,
a residual activity of 67 pm/(min�mg)�8.2 was analysed. The
Mg2 +-independent hydrolytic activity of the preparation was
assayed at 32 pm/(min�mg)�1.5. (Data are given as the
mean� the standard deviation of three independent experi-
ments.)


To monitor directly the intracellular effects of the prepared
compound, we used a method originally described by Signor-
elli et al.[29] and modified by Kajimoto et al.[30] Preincubation of
hepatocytes with phorbol-12-myristate-13-acetate (PMA) and
subsequent stimulation of intracellular generation of Cer by
IFN-g resulted in an inverse translocation of an enhanced
green fluorescent protein (EGFP) tagged protein kinase C-a
(PKC-a), as observed by fluorescence microscopy. The effect of


Table 1. Biological properties of compound 14.


A[a] B[b] C[c] D[d] E[e]


rate of apoptotic cells [%] SM metabolism nSMase
YOPRO-1 annexin(V) propidium iodide [Cer/SM ratio] [Cer/mg]


stimulus TNF-a TNF-a TNF-a mmLDL mmLDL


untreated control 9.4�0.58 0.57�0.39[f] 1.17�0.13 18.49�1.59[g] 6.40�1.72[g]


+ stimulus 18.9�1.05 1.08�0.14 1.07�0.89 25.52�2.46 14.42�1.56
14 (10.0 mm) + stimulus n.d. n.d. n.d. 17.96�1.59[g] n.d.
14 (1.0 mm) + stimulus 11.8�1.90 0.58�0.27[f] 0.75�0.34 21.10�0.89[g] 6.62�1.75[g]


14 (0.1 mm) + stimulus 9.7�1.65 n.d. n.d. 22.84�1.08 10.64�1.01[g]


14 (0.01 mm) + stimulus n.d. n.d. n.d. n.d. 14.03�0.77
14 11.9�2.60 0.64�0.30[f] 0.54�0.18 19.21�1.10[g] 7.98�1.26[g]


[a] Analogue 14 inhibits TNF-a-induced apoptosis in monocytes. Human monocytes were plated in four-well
plates, incubated overnight and preincubated with 14 as indicated for 30 min. Apoptogenic processes were
then induced by addition of hr TNF-a (10 ng mL�1, 4 h). Apoptotic cells were determined as described in the
legend of Figure 4. 14 (1 mm) was used as a control. Mean values of two independent experiments are given.
[b] Analogue 14 inhibits TNF-a-induced apoptosis in CD14+ monocytes. Human monocytes were stimulated as
described in [a]. Annexin(V)-positive, apoptotic monocytic cells were determined by flow cytometry as de-
scribed in the Experimental Section. 14 (1 mm) was used as a control. Mean values of six independent experi-
ments are given. [c] Analogue 14 was without effect, as determined by counter-staining for dead cells. Human
monocytes were stimulated as described in [a]. Propidium iodide stained, dead monocytic cells were deter-
mined by flow cytometry as described in the Experimental Section. 14 (1 mm) was used as a control. Mean
values of six independent experiments performed in parallel with [b] are given. [d] Inhibition of intracellular SM
metabolism. Freshly isolated human monocytes were labelled overnight with a BODIPY-SM/BSA complex ac-
cording to Martin and co-workers.[28] Monolayers were preincubated with 14 and exposed to mmLDL
(27 mg mL�1) for 4 hours. Cellular lipids were extracted by the method of Bligh and Dyer,[44] and separated by
HPLC. See the Experimental Section for further details. The turnover rate was determined by calculation of the
SM/Cer ratio. 14 (5 mm) was used as a control. Mean values of three independent experiments are given. [e] In-
hibition of nSMase activity by 14. Human monocytes (day 7 after isolation) were preincubated with 14 as indi-
cated and exposed to mmLDL (80 mg mL�1) for 2 hours. The cells were collected, lysed in nSMase reaction
buffer[42] and normalised for protein content, then the sphingolytic activity was determined. Sample lipids were
separated by HPLC and the ceramide content was determined by 505/515 Em/Ex analysis. See the Experimen-
tal Section for further details. Under these conditions, nSMase activity is increased approximately twofold (R. A.
Claus, A. Wuestholz, H. P. Deigner, unpublished results). 14 (1 mm) was used as a control. Mean values of two in-
dependent experiments, performed in duplicate, are given. [f] p<0.05 versus TNF-a-stimulated sample, with
ANOVA-testing. [g] p<0.05 versus mmLDL-stimulated sample, with ANOVA-testing.


ChemBioChem 2005, 6, 726 – 737 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 729


Synthesis and Activity of a Scyphostatin Analogue



www.chembiochem.org





IFN-g on the translocation of PKC-a was monitored in HepG2
cells, since these cells are known to be responsive to IFN-g
stimulation with subsequent intracellular Cer generation medi-
ated by the nSMase.[31] To examine whether IFN-g induced in-
verse translocation of the tagged PKC isoform is mediated by
the activation of the Mg2 +-dependent nSMase, we performed
PKC-a-shift assays, as shown in Figure 2, in the presence of
extracellular Mg2+ . The presence of magnesium eliminates the
effects of other sphingo- or phospholipid-hydrolysing en-
zymes.[30] In fact, the inverse translocation was abolished by
preincubation with 14 in appropriate concentrations (10 mm),
but it could be induced by subsequent application of exoge-
nous Cer (30 mm). See the legend of Figure 2 for details. The


treatment of cells with media without Mg2 + supplemention
entirely blocked IFN-g-induced inverse translocation in PMA-
stimulated hepatocytes (not shown), thereby confirming iso-
form specificity. The results obtained by fluorescence microsco-
py were further confirmed by independent methods such as
Western blotting experiments after subcellular fractionation, as
shown in Figure 3. ANOVA testing revealed a significant effect
after densitometric analysis (p<0.05). In order to verify that
these morphological changes were part of an ongoing apop-
totic process, biological evaluation of 14 was further elucidat-
ed by analysis of poly(adenosine diphosphate–ribose) poly-
merase (PARP) protein fragmentation as an independent
method for inhibition of apoptosis. As shown in Figure 4, West-
ern blotting experiments indicated a significant increase in
TNF-a- (6.17�0.70) and IFN-g- (14.87�2.93) treated cells of
PARP fragmentation (untreated control : 2.90�0.45). The pres-
ence of the nSMase inhibitor 14 (10 mm) partially blocked TNF-
a- (5.73�0.75) or IFN-g- (6.39�0.18) induced appearance of
the 85 kDa PARP fragment (median� standard deviation of
three experiments).


Discussion


We describe here an efficient and modular strategy for synthe-
sising a biologically active analogue of the natural compound
scyphostatin with improved chemical and metabolic stability
and report the antiapoptotic activity of this analogue by apply-
ing current PCD models. Scyphostatin is described as a selec-
tive, noncovalent inhibitor of nSMase. The question of whether
or to what extent the membrane-bound, Mg2+-dependent
nSMase or the lysosomal acid isoform (aSMase) is involved in
Cer production in response to various stimuli is controver-
sial.[32] Specific inhibitors capable of differentiating between
distinct isoforms represent valuable tools for the characterisa-
tion of specific biological roles of SMase isoforms, to clarify the
involvement of these enzymes in the induction of apoptosis,
as well as for the characterisation of the role of Cer. We found
that the synthetic analogue 14 prevents activation of nSMase
in whole cells and that the compound displays antiapoptogen-
ic activity in PCD models, as shown by staining of nuclei and
cellular membranes of apoptotic cells. The fragmentation of
the PARP protein is known to function as a reliable marker of
PCD. In fact, both TNF-a- and IFN-g-mediated activation of
neutral sphingomyelinase result in the induction of cell death
and can be monitored by PARP cleavage.[33] Our results ob-
tained by using independent methodologies clearly indicate
an inhibitory effect of compound 14 on cytokine-triggered cell
death. The use of compound 14 as an inhibitor of neutral
sphingomyelinase is in agreement with previous reports dem-
onstrating that at least two major routes for the induction of
apoptosis are affected by compounds inhibiting neutral
SMases, such as GW4869 or 14.[33]


The inhibitory activity of compound 14 was also confirmed
at a more cellular level. Hepatocyte responses to IFN-g, includ-
ing cell-cycle arrest, apoptosis,[34] activation of nSMase and
stimulation of Cer generation and metabolism, are mediated
by IFN regulatory factor 1.[31] In this context, we have studied


Figure 2. SMase-dependent reverse translocation of PKC-a in HepG2 cells.
HepG2 cells were stable transfected with EGFP-tagged PKC-a and protein distri-
bution was visualised by fluorescence microscopy. Cells were left unstimulated
(A) or were treated as follows by using cell-culture RPMI medium supplemented
with 0.1 % bovine serum albumin (BSA) and 1 mm MgCl2 : B) PMA (750 nm,
75 min) ; C) PMA (750 nm, 30 min) then treatment with IFN-g (400 U mL�1,
45 min) ; D) PMA (750 nm, 30 min) followed by treatment with Cer (30 mm,
45 min) ; E) 14 (10 mm, 30 min) followed by PMA (750 nm, 30 min) and subse-
quently IFN-g (400 U mL�1, 45 min); F) 14 (10 mm, 30 min) followed by PMA
(750 nm, 30 min) and subsequently Cer (30 mm, 45 min). In unstimulated cells,
PKC-a was detected throughout the cytoplasm (A), whereby the stimulation
with PMA induced its translocation to the cellular membrane (B). The addition
of exogenous ceramide (C) or the stimulation of endogenous Cer generation by
IFN-g (D) result in an nSMase-dependent reverse translocation of the tagged
protein. This effect is abolished by pretreatment with the nSMase inhibitor 14
(E). The application of exogenous Cer after pretreatment with analogue 14 by-
passed the inhibition of the nSMase and resulted in a diffuse distribution of
the tagged protein in the cytoplasm (F). Plain Cer (30 mm, 45 min), IFN-g
(400 U mL�1, 45 min) and analogue 14 (10 mm, 1 h 45 min) did not affect PKC-a
translocation (not shown). The omission of Mg2 + supplementation in this ex-
perimental setting abrogated PKC-a translocation as a result of IFN-g-induced
intracellular Cer generation (not shown). These images are representative fields
from at least three independent experiments, all of which showed similar re-
sults.
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the impact of the analogue 14 on IFN-g-mediated effects by
using an EGFP-tagged effector protein of Cer. Under experi-
mental conditions specified for monitoring effects mediated by
the neutral, Mg2 +-dependent SMase, we clearly recorded an in-
hibitory effect of the synthetic analogue. This result was con-
firmed by immunoblotting demonstrating an inhibition of IFN-
g-mediated reverse translocation. Our observations can be
explained by specific inhibition of cellular enzyme isotype(s).
However, it can also be speculated that 14 predominantly in-
terferes with cellular enzyme activation. For example, recent
studies have suggested that glutathione determines nSMase
activity by reversibly inhibiting the enzyme,[35] thereby acting
as a regulator of the intracellular redox state. Alternatively, the


adapter protein FAN (the factor associated with nSMase activa-
tion), interacting with the nSMase activation domain on the
TNF receptor, is thought to provide a link to the stimulation of
nSMase[36, 37] and could be a hypothetical target. Interestingly,
in cultured cerebellar neurons, Cer generated by nSMase is in-
volved in nerve growth factor (NGF) mediated neuronal cell
death and glutamate release, whereas the application of scy-
phostatin (0.1 or 1.0 mm) significantly blocked the NGF-depend-
ent glutamate release, as well as the NGF-induced Cer produc-
tion.[38]


In the course of our study, we probed the importance of the
presence of an epoxide moiety located at the carbon centre
activated by the a,b-unsaturated enone in the natural com-
pound. While this unique structure is rare—for example, the
family of manumycin antibiotics comprises a comparable
epoxyquinone moiety[39]—it remains to be determined wheth-
er its presence is required for biological activity. Potentially re-
active intermediates such as epoxides[40, 41] are subjected to fast
biotransformation. The renouncement of the epoxide moiety
leads to a chemically stable compound with potentially in-
creased metabolic stability, thus circumventing rapid inactiva-
tion and/or clearance, prerequisites to obtaining sufficient
plasma levels for inhibitory effects in vivo. In a most recent
study, several o-quinol acetate derivatives were described as
scyphostatin analogues and potent irreversible inhibitors of rat
brain nSMase.[42] Our experimental setting, varying in preincu-
bation of the cell lysate with compound 14, provides informa-
tion on properties of the compound interacting with the
active site of the tested enzyme. The lack of a significant differ-
ence between both approaches indicates that the compound
acts as a reversible enzyme inhibitor. In summary, the observed


Figure 3. A) Immunoblotting analysis of PKC-a translocation. HepG2 cells were left untreated (1) or were stimulated as follows: 2) PMA (750 nm, 30 min); 3) PMA
(750 nm, 30 min) followed by treatment with Cer (30 mm, 90 min) ; 4) PMA (750 nm, 30 min) followed by treatment with IFN-g (600 U mL�1, 90 min) in the presence
of 1 mm Mg2 + . For monitoring of the inhibitory effects of 14, cells were incubated with analogue 14 (10 mm) for 30 minutes before treatment with either 5) PMA
(750 nm, 30 min) followed by Cer (30 mm, 90 min) or 6) PMA (750 nm, 30 min) followed by IFN-g (600 U mL�1, 90 min). Pelleted cells were fractionated in the cytosol-
ic (C+ Mg) or membrane fraction (M+ Mg) ; equal amounts of protein (3 mg) were electrophoresed, immunoblotted and visualised by using specific antibodies against
PKC-a. Proof of equal protein content is given by reprobing of the cytosolic fraction with antibodies against a-tubulin (not shown). Immune-reactive bands showed
reasonable molecular weights. The amount of detected protein was densitometrically quantified by using the Advanced Image Data Analyzer software (AIDA, Ray-
test) after scanning on an image scanner from BioRad. The data for protein distribution are scaled as the ratio between the cytosolic and membrane fractions, cal-
culated as a proportion of normalised arbitrary units in both fractions [%]. For comparison, the value of untreated control samples was 0.76 %. B) Results of an
identical experimental setting to that in (A) without Mg2 + supplementation in the cell-culture media. After subcellular fractionation, for quantification of PKC-a, the
cytosolic (C�Mg) and the membrane (M�Mg) fraction are analysed after reprobing the a-tubulin-reactive protein of the cytosolic fraction (not shown). The relative
subcellular distribution is also depicted. (untreated control 1.5 %). # indicates significance p<0.05 versus PMA-treated cells ; * indicates significance p<0.05 versus
cells treated with PMA followed by IFN-g without analogue 14 ; † indicates significance p<0.05 versus PMA-treated cells without Mg2 + supplementation. Represen-
tative results of three independent experiments with ANOVA testing are given.


Figure 4. Protective effects of 14 on PARP fragmentation. Human monocytes
(day 7 after isolation) were preincubated with 14 (10 mm, 30 min) as indicated
and exposed to TNF-a (10 ng mL�1) or IFN-g (600 U mL�1) for four hours. After
incubation, monolayers were washed with ice-cold phosphate-buffered saline
(PBS) and cells collected by scraping on ice in lysis buffer. Equal amounts of
cytosolic proteins (40 mg) were resolved by 7.5 % sodium dodecyl sulfate PAGE.
After immunoblotting, analysis was carried out by using monoclonal anti-PARP
antibodies. Intact (116 kDa) and cleaved PARP protein (fragment, 85 kDa) were
visualised by using polyclonal-specific horseradish peroxdiase (POD) conjugated
antibodies. Immune-reactive bands showed reasonable molecular weights. Rep-
resentative results of three independent experiments are shown; the results of
densitometric analyses are given in text.


ChemBioChem 2005, 6, 726 – 737 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 731


Synthesis and Activity of a Scyphostatin Analogue



www.chembiochem.org





biological activities of 14 and the experimental data of
others[42] suggest that the enone-activated epoxide displays no
essential structural contribution in the inhibitory activity of scy-
phostatin analogues.


Analogues optimised for both physicochemical properties,
critically determined by the length and the degree of satura-
tion of the N-acyl side chain, and for inhibitory activities will
provide ideal tools to characterise the role of the enzyme in
cell-based experiments.


Conclusion


In this report, for the first time, we provide clear evidence of
interactions of a scyphostatin analogue with selected targets
in a cell-based assay system. SMase inhibitors have recently at-
tracted considerable interest because they are believed to be
promising candidates for the treatment of various diseases.
While natural scyphostatin is one such compound, limited
supply hampers its use in current and further investigations.
Access to substantial quantities of the scyphostatin desepoxy
analogue 14 by the synthetic route described above paves the
way to greater use of stable compounds structurally related to
the natural compound scyphostatin. Our synthesis of 14 allows
multiple variations in stereochemistry and in the functionalisa-
tion of future products and, thereby, allows variations in physi-
cochemical properties related to pharmacokinetics and phar-
macodynamics, such as lipophilicity. These, however, are pre-
conditions for subsequent quantitative structure–activity rela-
tionship (QSAR) studies to gain further information on the in-
hibitory mechanism(s), to explore the function(s) of nSMase on
a molecular level and to select drug candidates.[43] Selective
inhibition of neutral SMases may provide new insights into the
effects of ceramide-induced alteration, for example, of ventric-
ular myocyte contractile function and myocardial depression,
as well as antiapoptotic effects of ischemic preconditioning in
the heart.[43]


Experimental Section


Syntheses :


(R)-4-[Hydroxy-(2-oxo-cyclohexyl)methyl]-2,2-dimethyl-oxazoli-
dine-3-carboxylic acid tert-butyl ester (3): LDA (5.00 mL,
10.0 mmol, 2 m solution in hexane) was added dropwise to THF
(50 mL) at �78 C. After 5 minutes, cyclohexanone (980 mg,
1.05 mL, 10.0 mmol) in THF (5 mL) was added and the solution was
stirred for 90 minutes at �78 8C. (R)-4-Formyl-2,2-dimethyl-oxazoli-
dine-3-carboxylic acid tert-butyl ester (2 ; 916 mg, 4.00 mmol) in
THF (5 mL) was then added at �78 8C, and the solution was stirred
for 30 minutes at �78 8C and for 1 hour at RT. Afterwards, 5 % hy-
drochloric acid (25 mL) was added and the solution was stirred for
20 minutes. The phases were separated and the aqueous phase
was extracted three times with ethyl acetate (50 mL). The organic
phases were washed with saturated sodium hydrogen carbonate
solution (50 mL) and brine (50 mL), dried over magnesium sulphate
and filtered, then the eluent was removed. After column-chroma-
tography purification (silica gel, diethyl ether/n-hexane (2:1)), the
product was isolated as a colourless oil (yield = 1.10 g, 84 %). Rf =
0.55; 1H NMR (CDCl3): d= 1.49 (br, 15 H), 1.53–2.18 (m, 6 H), 2.25–


2.48 (m, 3 H), 3.88 (t, 1 H; 3J = 7.6 Hz), 3.90 (t, 1 H; 3J = 7.6 Hz), 3.97
(m, 1 H; 3J = 7.5, 3J = 6.0 Hz), 4.18 (dd, 1 H; 3J = 7.5, 2J =�8.5 Hz),
4.20 (dd, 1 H; 3J = 6.7, 2J =�8.5 Hz), 4.24 ppm (m, 1 H; 3J = 7.5, 3J =
6.0 Hz); 13C NMR (CDCl3): d= 15.1, 15.5 (rotamers, 2 � ), 21.3, 21.6
(diastereomers, 2 � ), 24.0, 24.2, 24.7 (diastereomers, 2 � ), 27.0, 27.5,
28.2, 28.3, 42.0, 42.5 (diastereomers, 2 � ), 51.0, 53.0 (diastereomers,
2 � ), 58.4, 59.7 (diastereomers, 2 � ), 64.5, 65.0 (rotamers, 2 � ), 68.5,
80.3, 93.7, 94.1 (rotamers, 2 � ), 153.3, 212.1, 216.2 ppm (diaster-
eomers, 2 � ); MS (CI + , i-butane): m/z : 328 [M+] , 314, 210, 200,
196, 174, 116, 99; IR (Film): ñ= 3491 (s), 2977 (s), 2935 (s), 1702 (s),
1693 (s), 1450 (m), 1376 (s), 1254 (s), 1173 (s), 1100 (s), 1055 (s),
846 cm�1 (s) ; HRMS (CI + ): m/z calcd for C17H30NO5 : 328.2123;
found: 328.2123.


(R)-4-[Methanesulfonyloxy-(2-oxo-cyclohexyl)methyl]-2,2-di-
methyl-oxazolidine-3-carboxylic acid tert-butyl ester (4): Triethyl-
amine (3.68 g, 5.04 mL, 36.48 mmol) was added at 0 8C to a so-
lution of 3 (3.85 g, 11.8 mmol) in dichloromethane (50 mL). This
was followed by addition of methanesulfonyl chloride (2.70 g,
1.83 mL, 23.5 mmol). The solution was stirred for 2 h at 0 8C, dilut-
ed with diethyl ether (30 mL) and washed with saturated ammoni-
um chloride solution (50 mL) and brine (50 mL). The organic layer
was dried over magnesium sulphate and filtered, then the solvent
was removed. After column-chromatography purification (silica gel,
diethyl ether/n-hexane (3:1)), the product was isolated as a colour-
less oil (yield = 4.68 g, 98 %) Rf = 0.63; 1H NMR (CDCl3): d= 1.40–1.85
(m, 21 H), 1.87–2.19 (m, 2 H), 2.22–2.67 (m, 3 H), 3.04 (s, 3 H), 3.91–
4.14 (m, 2 H), 4.31 ppm (m, 1 H); 13C NMR (CDCl3): d= 24.1, 26.5,
24.6, 25.2, 24.4, 24.6, 27.0, 27.2, 28.4, 30.6, 31.6 (rotamers, 2 � ),
37.6, 38.7 (diastereomers, 2 � ), 41.7, 42.2 (diastereomers, 2 � ), 52.1,
53.7 (diastereomers, 2 � ) 58.3, 58.9 (rotamers, 2 � ), 63.5, 63.8 (ro-
tamers), 80.9, 81.1 (rotamers), 78.0, 81.2 (diastereomers, 2 � ), 94.4,
154.2, 208.9, 209.6 ppm (diastereomers); MS (CI + , i-butane): m/z :
406 [M + H+] , 350, 310, 306, 292, 288, 254, 210, 196; IR (Film): ñ=


2976 (s), 2871 (s), 1701 (s), 1693 (s), 1366 (s), 1175 (s), 1101 (m),
935 cm�1 (s) ; HRMS (CI + ): m/z calcd for C18H32NO7S: 406.1900;
found: 406.1899.


(S)-2,2-Dimethyl-4-[2-oxo-cyclohexylidenemethyl]oxazolidine-3-
carboxylic acid tert-butyl ester (5): DBU (3.69 g, 3.62 mL,
24.3 mmol) at 0 8C was added dropwise to a solution of 4 (4.68 g,
11.9 mmol) in dichloromethane (50 mL). The solution was stirred
overnight, then diluted with diethyl ether (50 mL) and washed
with saturated ammonium chloride solution (50 mL) and brine
(50 mL). The organic layer was dried over magnesium sulphate and
filtered, then the solvent was removed. After column-chromatogra-
phy purification (silica gel, diethyl ether/n-hexane (3:1) ; Rf = 0.77),
the product was isolated as a colourless oil, which crystallised after
a few hours (yield = 2.61 g, 73 %; m.p. = 66 8C). 1H NMR (CDCl3): d=
1.40, 1.47 (s, 9 H; rotamers, 2 � ), 1.51, 1.55, 1.59, 1.61 (s, 6 H; rotam-
ers, 2 � 2), 1.72–1.93 (m, 4 H), 2.44 (dd, 2 H; 3J = 6.5, 3J = 6.3 Hz),
2.64–2.76, 2.79–2.91 (m, 2 H; diastereomers), 3.64–3.72 (m, 1 H; dia-
stereomers, rotamers), 4.07 (d, 1 H; 3J = 6.2 Hz, rotamer), 4.09 (d,
1 H; 3J = 6.5 Hz, rotamer), 4.50–4.59, 4.61–4.70 (m, 1 H), 6.49 ppm
(dt, 1 H; 3J = 9.1, 4J = 2.2 Hz); 13C NMR (CDCl3): d= 23.2, 23.5, 26.7,
24.3, 25.2, 26.1, 27.2 (rotamers, 4 � ), 26.7, 28.4, 40.3, 54.7, 67.5,
80.0, 80.4 (diastereomers, 2 � ), 93.8, 94.6 (diastereomers, 2 � ),
135.7, 137.0 (diastereomers, 2 � ), 136.8, 137.8 (diastereomers, 2 � ),
151.6, 152.0 (rotamers, 2 � ), 200.4, 200.9 ppm (diastereomers, 2 � );
MS (CI + , i-butane): m/z : 310, 254, 228, 210, 183, 153; IR (Film): ñ=
3109 (m), 2977 (s), 2936 (s), 2868 (s), 1700 (s), 1691 (s), 1624 (s),
1388 (s), 1173 (s), 1091 (m), 835 cm�1 (s) ; HRMS (CI + ): m/z calcd
for C17H28NO4 : 310.2018; found: 310.2018.
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(S)-2,2-Dimethyl-4-(2-oxo-cyclohexylmethyl)oxazolidine-3-car-
boxylic acid tert-butyl ester (6): A suspension of 5 (1.39 g,
4.52 mmol) and palladium on charcoal (100 mg) in ethanol (50 mL,
96 %) was hydrogenated for 30 minutes. The catalyst was filtered
off over celite and the solvent was removed. After column-chroma-
tography purification (silica gel, diethyl ether/n-hexane (3:1)), the
product was isolated as a colourless oil (yield = 1.41 g, 90 %) Rf =
0.72; 1H NMR (CDCl3): d= 1.32–1.77 (m, 17 H), 1.78–2.21 (m, 4 H),
2.21–2.51 (m, 3 H), 3.69 (m, 1 H), 3.91 ppm (m, 2 H); 13C NMR
(CDCl3): d= 24.6, 25.2, 23.2, 24.5, 26.9, 27.6, (rotamers, 2 � 2), 28.0,
28.2 (diastereomers, 2 � ), 28.4, 41.7, 42.2 (diastereomers, 2 � ), 48.3,
55.7, 67.8, 79.9, 93.3, 152.5, 212.1, 212.6 ppm (diastereomers, 2 � );
MS (CI + , i-butane): m/z : 312 [M + H+] , 254, 196, 180; IR (Film): ñ=
2930 (s), 2858 (s), 1711 (s), 1699 (s), 1449 (s), 1388 (s), 1175 (s), 1094
(m), 921 cm�1 (m); HRMS (CI + ): m/z calcd for C17H29NO4 : 312.2175;
found: 312.2174.


(S)-2,2-Dimethyl-4-(2-trimethylsilanyloxy-cyclohex-1-enylmethy-
l)oxazolidine-3-carboxylic acid tert-butyl ester (7): Hexamethyldi-
silazane (806 mg, 1.05 mL, 5.00 mmol) was added to a solution of
6 (1.03 g, 3.30 mmol) in n-pentane (50 mL), then the solution was
cooled to �20 8C and stirred for 30 minutes. During a period of
15 minutes, trimethylsilyl iodide (800 mg, 585 mL, 4.00 mmol) was
added dropwise. The solution was stirred for 2 hours at room tem-
perature. The solution became cloudy and was diluted with n-pen-
tane (25 mL), filtered and washed twice with saturated sodium hy-
drogen carbonate solution (50 mL). The organic layer was dried
over magnesium sulphate and filtered, then the solvent was re-
moved. After column-chromatography purification (silica gel, dieth-
yl ether/n-hexane (3:1) ; Rf = 0.56) the product is isolated as a pale-
yellow oil (yield = 1.13 g, 89 %). 1H NMR (CDCl3): d= 0.34 (s, 9 H),
1.47–1.74 (m, 17 H), 1.83–2.14 (m, 6 H), 2.56–2.77 (m, 2 H), 3.70 (m,
2 H), 3.91 ppm (m, H); 13C NMR (CDCl3): d= 0.8, 23.1, 23.5, 23.4,
25.4, 26.9 (rotamers, 2 � 2), 28.5, 27.7, 30.2, 33.0, 33.8 (rotamers, 2 �
), 56.2, 56.4 (rotamers, 2 � ), 66.4, 79.2, 79.6 (rotamers, 2 � ), 93.1,
93.5 (rotamers, 2 � ), 111.8, 112.2 (rotamers, 2 � ), 145.3, 145.5 (ro-
tamers, 2 � ) 151.6, 152.0 ppm (rotamers, 2 � ); MS (EI, 50 8C): m/z
(%): 383 (7.1) [M+] , 327 (4.4), 183 (48.2), 100 (59.5), 57 (100); IR
(Film): ñ= 3155 (m), 2974 (s), 2863 (s), 1699 (s), 1620 (m), 1378 (s),
1251 (s), 1098 (s), 942 (s), 844 cm�1 (s) ; HRMS (CI + ): m/z calcd for
C20H37NO4Si: 384.2570; found: 384.2571.


(S)-4-((R)-1-Hydroxy-2-oxo-cyclohexylmethyl)-2,2-dimethyl-oxa-
zolidine-3-carboxylic acid tert-butyl ester (9): A solution of AD
mix b (3.73 g), sodium hydrogen carbonate (672 mg, 8.00 mmol),
methanesulphonamide (253 mg, 2.66 mmol) and potassium
osmate dihydrate (40 mg, 109 mmol) in a mixture of water and tert-
butanol (20 mL; 1:1) was cooled to 0 8C. 7 (1.02 g, 2.66 mmol) in a
mixture of water and tert-butanol (5 mL; 1:1) was added dropwise.
The originally orange solution turned green after a few hours. The
solution was stirred for a further 36 hours at room temperature, a
saturated solution of sodium thiosulphate in water (30 mL) was
added and the solution was stirred for a further 30 minutes. The
layers were separated and the aqueous phase was extracted three
times with ethyl acetate (50 mL). The combined organic layers
were washed with diluted hydrochloric acid (50 mL), saturated
sodium hydrogen carbonate solution (50 mL) and brine (50 mL).
The organic layer was dried over magnesium sulphate and filtered,
then the solvent was removed. After column-chromatography puri-
fication (silica gel, diethyl ether/n-hexane (3:1)), the product was
isolated as a colourless oil, which crystallised after a few days if
cooled to �20 8C (yield = 504 mg, 58 %). Rf = 0.77; m.p. = 58 8C;
1H NMR (CDCl3): d= 1.22–2.08 (m, 23 H), 2.54–2.68 (m, 2 H), 3.53–
3.67 (m, 1 H), 3.84–4.15 ppm (m, 2 H); 13C NMR (CDCl3): d= 22.5,


24.5, 27.9, 28.7, 29.0, 38.1, 39.9, 43.5, 54.1, 68.4, 78.7, 80.2, 92.9,
152.4, 214.8 ppm; MS (CI + , i-butane): m/z : 328 [M+] , 312, 310,
272, 270, 258, 254, 252, 228, 214, 198, 196, 170; IR (Film): ñ= 3473
(s), 2977 (s), 2937 (s), 2868 (s), 1713 (s), 1688 (s), 1391 (s), 1255 (s),
1173 (s), 1100 (s), 853 cm�1 (m); HRMS (CI + ): m/z calcd for
C17H30NO5: 328.2124; found: 328.2123.


(S)-4-((R)-3-Bromo-1-hydroxy-2-oxo-cyclohexylmethyl)-2,2-di-
methyl-oxazolidine-3-carboxylic acid tert-butyl ester : 9 (185 mg,
570 mmol) in THF (5 mL) was added dropwise at �78 8C to a so-
lution of LDA (0.57 mL, 1.15 mmol, 2 m in THF) in THF (10 mL).
After 30 minutes, bromine (93 mg, 580 mmol) in dichloromethane
(2 mL) was added. The solution was stirred for 2 minutes and dilut-
ed with diethyl ether (5 mL), then a saturated sodium carbonate
solution (30 mL) was added. The layers were separated and the
aqueous phase was washed three times with diethyl ether (30 mL).
The combined organic layers were washed with brine (30 mL) and
dried over magnesium sulphate. After removal of the solvent, the
product was isolated as a pale-yellow oil, which could be purified
if necessary by column chromatography (silica gel, diethyl ether/n-
hexane (3:1) ; yield = 228 mg, 98 %). Rf = 0.64; 1H NMR (CDCl3): d=
1.38 (s, 6 H), 1.51 (s, 9 H), 1.40–2.13 (m, 8 H), 2.98 (br, 1 H), 4.19 (d,
2 H; 3J = 7.6 Hz), 4.37–4.46 ppm (m, 2 H); 13C NMR (CDCl3): d= 18.9,
27.3, 28.2, 33.0, 36.1, 39.0, 48.1, 53.8, 66.0, 76.1, 80.4, 94.1, 152.6,
208.2 ppm; MS (CI + , i-butane): m/z : 408/406 [M + H+] , 326, 292,
270, 254, 252, 214, 198, 196, 170; IR (Film): ñ= 3474 (s), 2979 (s),
2945 (s), 2873 (s), 1704 (s), 1694(s), 1396 (s), 1261 (s), 1178 (s), 1095
(s), 1056 (s), 858 cm�1 (m); HRMS: m/z calcd for C17H28NO5Br:
405.1202/407.1181; found: 405.1202/407.1181.


(S)-4-((R)-1-Hydroxy-2-oxo-cyclohex-3-enylmethyl)-2,2-dimethyl-
oxazolidine-3-carboxylic acid tert-butyl ester (10): A solution of
the intermediate (S)-4-((R)-3-bromo-1-hydroxy-2-oxo-cyclohexyl-
methyl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl ester
(228 mg, 560 mmol) in DBU (4 mL) was heated to 115 8C for 5 h.
After cooling to room temperature, the solution was diluted with
diethyl ether (20 mL) and washed with brine (20 mL). The aqueous
layer was extracted with diethyl ether (20 mL) twice and the com-
bined organic layers were dried over magnesium sulphate. The sol-
vent was removed and the product was purified by column chro-
matography (silica gel, diethyl ether/n-hexane (3:1)). 10 was ob-
tained as a colourless oil (yield = 114 mg, 62 %). Rf = 0.68; 1H NMR
(CDCl3): d= 1.42–1.92 (m, 17), 1.93–2.26 (m, 2 H), 2.54–2.68 (m),
3.52–3.67 (m, 1 H), 3.84–4.06 (m, 2 H), 6.11 (d, 1 H), 6.98 ppm (m,
1 H); 13C NMR (CDCl3): d= 22.8, 24.8, 27.7, 28.6, 38.2, 40.0, 55.5,
68.7, 78.9, 80.5, 93.1, 125.8, 143.1, 152.0, 214.6 ppm; MS (CI, i-
butane): m/z : 326 [M + H+] , 308, 270, 252, 196, 178; IR (Film): ñ=
3455 (s), 3012 (m), 2981 (s), 2956 (s), 2858 (s), 1707 (s), 1693 (s),
1644 (s), 1557 (s), 1391 (s), 1258 (s), 1199 (s), 1175(s), 1090 (s),
823 cm�1 (m); HRMS (CI + ): m/z calcd for C17H28NO5: 326.1967;
found: 326.1966.


(R)-6-((S)-2-Amino-3-hydroxy-propyl)-6-hydroxy-cyclohex-2-
enone (13): 10 (88 mg, 0.27 mmol) was added dropwise as a so-
lution in THF (2 mL) to TFA (5 mL) in dichloromethane (5 mL). The
mixture was stirred for 4 hours at room temperature and after-
wards neutralised with a saturated solution of sodium hydrogen
carbonate. The layers were separated and the aqueous layer was
washed with ethyl acetate (20 mL) twice. The combined organic
layers were washed with water (20 mL) and dried over magnesium
sulphate. The solvent was removed and the product was purified
by column chromatography (silica gel, diethyl ether/n-hexane (1:1) ;
yield = 45 mg, 89 %). Rf = 0.58; 1H NMR (CDCl3): d= 1.66 (d, 2 H; 3J =
6.43 Hz), 2.08 (m, 4 H), 3.37 (m, 1 H), 3.54 (br m, 4 H), 6.22 (d, 1 H;
3J = 10.4 Hz), 7.05 ppm (m, 1 H); 13C NMR (CDCl3): d= 27.1, 36.0,
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40.8, 51.1, 65.0, 77.4, 125.9, 148.3, 203.2 ppm; MS (EI, 78 8C): m/z
(%): 185 (3.7) [M+] , 169 (17.9), 111 (7.5), 95 (12.1) ppm; IR (Film):
ñ= 3414 (s), 3048 (m), 2981 (s), 2928 (s), 1706 (s), 1648 (s), 1511
(m), 1250 (s), 1113 (s), 1092 (s), 866 cm�1 (m); HRMS: m/z calcd for
C9H15NO3 : 185.2983; found: 185.2985; elemental analysis : calcd (%)
for C9H15NO3 (185.22 g mol�1): C 58.36, H 8.16, N 7.56; found: C
58.21, H 8.34, N 7.32).


Hexadecanoic acid [(S)-2-hydroxy-1-((R)-1-hydroxy-2-oxo-cyclo-
hex-3-enylmethyl)ethyl]amide (14): Triethylamine (1.00 mL) was
added to a solution of 13 (145 mg, 0.79 mmol) in THF (50 mL) and
the resulting solution was cooled to �78 8C. Palmitic acid chloride
(217 mg, 0.79 mmol, 0.24 mL) in THF (5 mL) was added very slowly
and the solution was stirred for 15 minutes at �78 8C. The reaction
was stopped with a saturated solution of sodium hydrogen car-
bonate (25 mL), then the aqueous layer was extracted with ethyl
acetate (30 mL) three times and the combined organic layers were
dried with magnesium sulphate. The solvent was evaporated and
the crude product was isolated as a pale-yellow solid. Washing
with diethyl ether results in pure colourless 14 (yield = 302 mg,
91 %): 1H NMR (CDCl3): d= 0.90 (t, 3 H; 3J = 6.6 Hz); 1.24–2.21 (m,
34 H), 3.27 (br, 2 H), 3.48 (d, 1 H; 3J = 9.7 Hz), 4.18 (m, 1 H), 5.88 (br,
1 H), 6.10 (d, 1 H; 3J = 9.7 Hz), 7.01 ppm (m, 1 H); 13C NMR (CDCl3):
d= 13.9, 22.3–40.2 (17 C), 49.4, 65.2, 78.9, 129.0, 147.3, 200.9 ppm;
MS (EI, 58 8C): m/z (%): 424 (0.82) [M+] , 407 (2.31), 254 (14.82), 239
(27.88), 185 (7.46), 94 (8.95); IR (Film): ñ= 3436 (s), 3051 (m), 2977
(s), 2919 (s), 1710 (s), 1635 (s), 1467 (m), 1219 (s), 1122 (s), 1087 (s),
870 cm�1 (m); elemental analysis: calcd (%) for C25H45NO4


(423.63 g mol�1): C 70.88, H 10.71, N 3.31; found: C 70.63, H 10.58,
N 3.53).


(S)-4-((S)-1-Hydroxy-2-oxo-5-phenylselenyl-cyclohex-3-enyl-
methyl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl
ester (11): LDA (830 mL, 1.65 mmol, 2 m in THF) was added to THF
(15 mL) at �78 8C. To this solution, 10 (250 mg, 768 mmol) dis-
solved in THF (5 mL) was added dropwise. The solution was stirred
for 45 minutes at the same temperature and then phenylselenyl
chloride (156 mg, 810 mmol) in THF (5 mL) was added in one por-
tion. The cooling bath was removed and the reaction mixture was
added to a stirred mixture of dichloromethane (50 mL) and saturat-
ed sodium carbonate solution (50 mL). The aqueous layer was ex-
tracted twice with dichloromethane (50 mL) and the combined or-
ganic layers were washed with water (50 mL). After drying over
magnesium sulphate, the solvent was evaporated and the residue
was purified by column chromatography (silica gel, diethyl ether/n-
hexane (1:1)) to yield 11 (281 mg, 584 mmol, 76 %) as a yellowish
oil. Rf = 0.69; 1H NMR (CDCl3): d= 1.42–1.82 (m, 15 H), 1.93–2.56 (m,
4 H), 3.35 (m, 1 H), 3.45–3.76 (m, 1 H), 4.10–4.22 (m, 2 H), 6.38 (d,
1 H; 3J = 10.0 Hz), 6.78 (m, 1 H), 7.14–7.52 ppm (m, 5 H); 13C NMR
(CDCl3): d= 24.9, 27.6, 28.2, 37.6, 38.7, 39.0, 53.6, 65.4, 80.0, 80.5,
95.3, 125.2, 125.6, 126.6, 128.8, 133.7, 140.1, 152.1, 212.0 ppm; MS
(CI + , i-butane): m/z : 482 [M + H+] , 480 [M + H+] , 325, 266; IR
(Film): ñ= 3438 (s), 3051 (m), 2977 (s), 2933 (s), 2863 (s), 1712 (s),
1699 (s), 1638 (s), 1576 (m), 1504 (m), 1390 (s), 1255 (s), 1169 (s),
1092 (s), 1071 (s), 847 (m), 739 cm�1 (s) ; HRMS (CI + ): m/z calcd for
C23H32NO5Se: 482.1446; found: 482.1446.


(S)-4-((S)-1-Acetoxy-2-oxo-5-phenylselenyl-cyclohex-3-enylmeth-
yl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl ester
(15): 11 (100 mg, 208 mmol) was dissolved in dichloromethane
(30 mL) and pyridine (5 mL), than DMAP (10 mg, 81.8 mmol) was
added. After 5 minutes, acetyl chloride (27 mg, 350 mmol) was
added and the mixture was stirred for 4 hours at room tempera-
ture. The solution was diluted with diethyl ether (100 mL), extract-
ed three times with hydrochloric acid (1 n), washed three times


with a saturated sodium hydrogen carbonate solution (30 mL),
dried over magnesium sulphate and evaporated to dryness. The
residue was purified by column chromatography (silica gel, diethyl
ether/n-hexane (1:2)) to yield 15 (101 mg, 193 mmol, 93 %). Rf =
0.59; 1H NMR (CDCl3): d= 1.43–1.85 (m, 15 H), 1.93–2.54 (m, 4 H),
2.06 (s, 3 H), 3.36 (m, 1 H), 3.38–3.68 (m, 1 H), 4.22–4.34 (m, 2 H),
6.39 (d, 1 H; 3J = 10.0 Hz), 6.81 (m, 1 H), 7.15–7.53 ppm (m, 5 H);
13C NMR (CDCl3): d= 20.8, 24.8, 27.7, 28.1, 37.4, 38.5, 38.8, 54.2,
62.6, 80.4, 88.1, 95.2, 125.6, 126.0, 126.7, 128.9, 133.4, 139.6, 152.3,
170.6, 204.5 ppm; MS (CI + , i-butane): m/z : 524 [M + H+] , 522 [M +
H+] , 462, 325, 266; IR (Film): ñ= 3048 (m), 2976 (s), 2928 (s), 2858
(s), 1710 (s), 1700 (s), 1678 (s), 1653 (s), 1578 (m), 1502 (m), 1391
(s), 1253 (s), 1092 (s), 1070 (s), 843 cm�1 (m); HRMS (CI + ): m/z
calcd for C25H34NO6Se: 524.1551; found 524.1553.


(S)-4-((S)-6-Acetoxy-8-phenylselenyl-1,4-dioxa-spiro[4.5]dec-9-en-
6-ylmethyl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl
ester (16): 15 (60 mg, 115 mmol) and 1,2-ethanediol bis-trimethylsil-
yl ether (24 mg, 117 mmol) were added dropwise to a 2.30 mm so-
lution of trimethylsilyl trifluoromethanesulphonate in absolute di-
chloromethane (500 mL, 1 mol %). The reaction mixture was stirred
overnight at the same temperature, then the reaction was termi-
nated by addition of dry pyridine (50.0 mL) and the solution was
added to a saturated sodium carbonate solution (10 mL). The mix-
ture was extracted three times with diethyl ether (20 mL) and the
combined organic layers were dried over a mixture of sodium car-
bonate and sodium sulphate (1:1). The solvent was evaporated
and the residue was purified by column chromatography (silica
gel, diethyl ether/n-hexane (1:3)) to yield 16 (41.0 mg, 72.0 mmol,
63 %). Rf = 0.56; 1H NMR (CDCl3): d= 1.44–1.86 (m, 15 H), 1.98 (s,
3 H), 2.10–2.47 (m, 4 H), 3.22 (m, 1 H), 3.27–3.59 (m, 1 H), 4.03–4.23
(m, 6 H), 5.61 (m, 1 H), 5.93 (d, 1 H; 3J = 10.0 Hz), 7.01–7.35 ppm (m,
5 H); 13C NMR (CDCl3): d= 21.7, 24.7, 27.8, 28.0, 36.0, 36.3, 39.3,
54.1, 64.1, 65.3, 78.1, 80.5, 95.4, 104.4, 107.2, 126.1, 127.6, 128.4,
129.0, 132.3, 151.9, 169.1 ppm; MS (CI + , i-butane): m/z : 568
[M+H+] , 566 [M+H+] , 508, 412, 266; IR (Film): ñ= 3024 (m), 2970
(s), 2852 (s), 1697 (s), 1654 (s), 1580 (m), 1506 (m), 1393 (s), 1254
(s), 1158 (s), 1110 (s), 942 cm�1 (m); HRMS (CI + ): m/z calcd for
C27H38NO7Se: 568.1813; found: 568.1817.


(S)-4-((S)-6-Acetoxy-1,4-dioxa-spiro[4.5]deca-7,9-dien-6-ylmeth-
yl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl ester
(17): Hydrogen peroxide (3.00 mmol, 341 mL of 30 % H2O2 in 500 mL
water) was added to a stirred solution of 16 (159 mg, 281 mmol) in
dichloromethane (2.00 mL) and pyridine (50 mL, 619 mmol). The re-
sulting mixture was stirred at room temperature for 2 hours and
subsequently added to a stirred solution of diethyl ether (10 mL),
n-pentane (40 mL) and saturated sodium hydrogen carbonate so-
lution (50 mL). The organic layer was separated, washed with
water (10 mL) and brine (10 mL), dried over magnesium sulphate
and filtered. A few crystals of hydroquinone were added, the sol-
vent was evaporated and the residue was purified by column chro-
matography (silica gel, diethyl ether/n-hexane (1:2)) to yield 17
(53.0 mg, 129 mmol, 46 %). Rf = 0.55; 1H NMR (CDCl3): d= 1.43–1.87
(m, 15 H), 2.03 (s, 3 H), 2.12–2.31 (m, 2 H), 3.30–3.67 (m, 1 H), 4.05–
4.35 (m, 6 H), 5.89 (d, 1 H; 3J = 9.9 Hz), 6.23 (d, 1 H; 3J = 10.1 Hz),
6.75–6.89 (m, 1 H), 6.92–7.08 ppm (m, 1 H); 13C NMR (CDCl3): d=
21.4, 24.9, 28.3, 28.8, 36.8, 54.9, 65.0, 66.1, 80.6, 84.1, 96.1, 106.5,
128.8, 132.7, 134.2, 139.2, 152.4, 168.7 ppm; MS (CI+ , i-butane):
m/z : 410 [M + H+] , 366, 352, 350, 306, 240; IR (Film): ñ= 3018 (m),
2979 (s), 2854 (s), 1703 (s), 1659 (s), 1253 (s), 1163 (s), 1112 (s),
944 cm�1 (m); HRMS (CI + ): m/z calcd for C21H32NO7: 410.2179;
found: 410.2176.
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(S)-4-((S)-6-Hydroxy-1,4-dioxa-spiro[4.5]deca-7,9-dien-6-ylmeth-
yl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl ester
(18): 17 (26.0 mg, 63.0 mmol) was dissolved in THF (10 mL), and
water (10 mL) was added. 1 n NaOH (126 mL, 126 mmol, 200 mol %)
was added and the solution was stirred at room temperature for
30 minutes. Afterwards, Amberlite IR 120 was added until pH 5 was
reached, then the mixture was filtered and the filtrate was evapo-
rated to dryness to give the pure product 18 (yield = 23.0 mg,
63.0 mmol, quant.): 1H NMR (CDCl3): d= 1.44–1.86 (m, 15 H), 2.06–
2.28 (m, 2 H), 3.35–3.51 (m, 1 H), 4.12–4.43 (m, 6 H) 6.07 (d, 1 H; 3J =
9.9 Hz), 6.24 (d, 1 H; 3J = 10.1 Hz), 6.41–6.60 (m, 1 H), 6.90–7.03 ppm
(m, 1 H); 13C NMR (CDCl3): d= 24.7, 28.0, 28.4, 38.3, 54.1, 63.2, 68.3,
75.2, 80.1, 96.2, 106.2, 126.9, 131.9, 134.5, 138.4, 152.3 ppm; MS
(CI + , i-butane): m/z : 368 [M+] , 350, 324, 310, 248; IR (Film): ñ=
3030 (m), 2945 (s), 2878 (s), 1705 (s), 1689 (s), 1232 (s), 1173 (s),
1116 (s), 934 cm�1 (m); HRMS (CI + ): m/z calcd for C19H30NO6 :
368.2073; found: 368.2071.


Biological experiments : For cellular experiments, 14 was dissolved
in a dimethylsulfoxide (DMSO) stock solution (10 mm). In all experi-
ments, the DMSO concentration added up to 0.1 % for the maximal
value. N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl (BODIPY) sphingosyl phosphocholine (BODIPY-SM,
BODIPY-FLC5-sphingomyelin, D-3522), 4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-pentanoic acid (BODIPY-FLC5, D-3834)
and YOPRO-1 stain were obtained from Molecular Probes–Invitro-
gen Detection Technologies (Karlsruhe, Germany). Media, buffers
and plasticware for cell culture were obtained from GIBCO Life
Technologies (Eggenstein, Germany) and NUNC (Wiesbaden, Ger-
many).


Fluorescently labelled BODIPY-FLC5-sphingomyelin was used in all
experiments dealing with labelled SM. All other reagents (PMA,
1,4-dithiothreitol (DTT), TNF-a, IFN-g, bacterial sphingomyelinase,
etc.) were from Sigma–Aldrich (Deisenhofen, Germany) in the high-
est available quality unless otherwise stated. The protease inhibitor
cocktail I from Calbiochem (Bad Soden, Germany) was used.


Minimally modified LDL was prepared as previously described im-
mediately after isolation of LDL from peripheral blood of a pool of
at least three healthy volunteers.[3]


Apoptosis assays : Human peripheral blood mononuclear cells
(HBMC) were isolated, cultivated and stimulated, and the rate of
apoptotic cells was determined by YOPRO-1 staining as recently
described.[3] Macrophages (MF) were incubated with 14 for 30 mi-
nutes prior to mmLDL (27 mg mL�1 for 4 h) or TNF-a (10 ng mL�1


for 4 h) addition. Apoptosis is expressed as the percentage of
YOPRO-1 (2.5 mg mL�1) stained cells relative to Hoechst stained
cells.[3] Later, induction of apoptosis in CD14-positive cells was also
studied by using flow cytometry. Cells were incubated with 14 for
30 minutes prior to addition of TNF-a (10 ng mL�1 for 4 h), washed,
and resuspended in Hanks buffered saline solution (HBSS). Subse-
quently, HBMCs were incubated for 15 minutes with anti-CD14 flu-
orescein isothiocyanate (FITC; 5mL; BD Bioscience, Heidelberg, Ger-
many). After gating of positive cells, the gate was fixed for the de-
termination of monocytic cells. Analyses were performed with a
fluorescence-activated cell sort scan (FACScan) and the CellQuest
software (BD Bioscience) by using FL1 channel annexin(V) FITC for
10 minutes and Fl2 for propidium iodide detection for 20 minutes.
The number of analysed cells in the CD14-positive gate was 5 000.
The amount of positive signals in untreated cells was set at about
1 %.


Intracellular SM turnover : 1.5 � 106 freshly isolated human mono-
cytes were labelled overnight with BODIPY-SM/BSA complex


(1.5 mL; 4 nmol BODIPY-SM in MeOH) prepared with defatted BSA
according to Martin and co-workers[28] and diluted in HEPES-buf-
fered minimal essential medium (HMEM; HEPES = 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl]ethanesulfonic acid; 10 mm, pH 7.4) after dial-
ysis and sterile filtration (final volume = 12 mL). Monolayers were
then washed with fresh media, preincubated with 14 as indicated
and exposed to mmLDL (27 mg mL�1) for 4 hours. After washing
with ice-cold PBS (2 � ), cellular lipids were extracted by the
method of Bligh and Dyer[44] and the organic phase was evaporat-
ed in vacuo and dissolved in MeOH. The following HPLC protocol
was used in all subsequent experiments: HPLC analysis for separa-
tion and quantification was performed on RP-18 columns (LiChro-
CART 125–4, LiChrospher 100 RP-18 (Merck, Darmstadt, Germany))
with 90:10 MeOH/100 mm tris(hydroxymethyl)aminomethane (Tris ;
pH 7.5) as the eluent and with a flow rate of 1.85 mL min�1. The
turnover rate was determined by calculation of the SM/Cer ratio by
monitoring the emission at 505/515 nm (Em/Ex) in the eluent by
using a Shimadzu RS-535 detector.


In vitro SMase assay : 1.5 � 106 human monocytes at day 7 after
isolation were preincubated with 14 (0.01, 0.1 and 1.0 mm) for
30 minutes at 37 8C and then exposed to mmLDL (80 mg mL�1) for
2 hours. The cells were collected by scraping on ice and were cen-
trifuged at 250 g. After washing of the pellets once with ice-cold
PBS, the cells were lysed in nSMase reaction buffer (50 mm Tris
(pH 7.4), 10 mm DTT, 10 mm MgCl2, 0.05 % Triton X-100)[43] and the
sphingolytic activity was determined in a 5.0-mL aliquot by addition
of labelled SM at pH 7.4 under nonlimiting substrate conditions.
After incubation (37 8C for 120 min), the reaction was stopped by
freezing in liquid nitrogen. After addition of the internal standard
(BODIPY-FLC5), sample lipids were separated by reversed-phase
HPLC (RP-18) and the ceramide content determined by 505/515
(Em/Ex) analysis under appropriate conditions. Plain 14 was used
as a negative control.


Preincubation assay : 100 � 106 freshly isolated HBMCs were culti-
vated overnight under standard conditions,[3] washed with ice-cold
PBS, lysed in nSMase reaction buffer (400 mL)[45] and centrifuged
(10 min, 14 000 g, 4 8C), then the sphingolytic activity was deter-
mined in 20-mL aliquots of the supernatant after preincubation
(37 8C for 60 min) of compound 14 at a final concentration of
100 mm. For control experiments, plain DMSO was added prior to
incubation. Mg2 +-independent activity was assayed by not supple-
menting Mg2 + in the reaction buffer. After addition of labelled sub-
strate, the reaction was continued at 37 8C for another 120 minutes
and analysed as described above.


Determination of nSMase activity of prokaryotic origin : nSMase
of B. cereus (1.0 mg mL�1, 24 U mg�1 protein) was diluted with reac-
tion buffer (1:10 000), preincubated with 14 as indicated and incu-
bated with SM substrate for 15 min at 37 8C. The SM/Cer ratio was
determined by HPLC (RP-18) separation as described above.


Cytotoxicity : The cytotoxicity of 14 was assayed in the cell-culture
media of freshly isolated human monocytes by incubation over
4 orders of magnitude up to 10 mm for 16 hours. In cell-culture su-
pernatant, release of lactate dehydrogenase from the cytosol of
damaged cells was determined by using the “cytotoxicity test” of
Roche Diagnostics (Mannheim, Germany) according to the manu-
facturer’s instructions, by comparison of the optical density (OD)
produced by using 0.1 % Triton X-100 as a positive and untreated
control as well as that with DMSO-treated cells as negative control.


PKC-a translocation : For stable transfection, HepG2 cells were
seeded in 100-mm culture dishes and grown to 60 % confluence in
Rosewell Park Memorial Institute (RPMI) medium supplemented
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with 10 % foetal bovine serum (FBS). Transfection was performed
in OptiMEM medium with Lipofectamin reagent (Life Technologies,
Eggenstein, Germany) by using 10 mg of PKC-a–EGFP plasmide (BD
Clontech, Heidelberg, Germany) per dish. After 5 hours, cells were
washed with culture medium and grown for 2 days. Selection of
transfected cells was achieved by addition of the anitbiotic G418
(0.4 mg mL�1). The stable transfected clones were transferred to 25-
cm2 culture flasks. After passaging of the cells for several weeks,
the concentration of G418 was reduced to 0.2 mg mL�1.


Transfected HepG2 cells were cultivated in RPMI 1640 medium sup-
plemented with 10 % FBS at 37 8C and with 5 % CO2. For Western
blot experiments, 8 � 105 HepG2 cells were seeded in 35-mm cul-
ture dishes, grown for 2 days in RPMI medium supplemented with
10 % FBS and starved in RPMI medium without serum for 2 hours
before treatment.


For microscopy, cells were seeded at 1 � 105 cells per 4 wells on
cover slips coated with 0.2 % gelatine for 6 hours and cultivated for
2 days in RPMI medium supplemented with 10 % FBS. Before treat-
ment, cells were starved for 2 hours in RPMI medium without FBS.


Cytosol and membrane fractionation : Stable transfected HepG2
cells as mentioned above were separated into cytosolic and partic-
ulate fractions by using an adaptation of a previously published
method with minor modifications.[46]


Immediately after treatment with the analogue 14, the PMA, C6-
Cer or INF-g cells were washed twice with ice-cold Dulbecco’s PBS.
Cells were recovered from tissue-culture plates by scraping and
suspending in lysis buffer (80 mL) containing a protease inhibitor
cocktail (leupeptin, benzamidin, soja trypsin inhibitor, DTT and phe-
nylmethylsulfonyl fluoride (PMSF)). All subsequent procedures
were performed at 4 8C. Cells were lysed by sonicating for 2 sec-
onds and incubated for 10 minutes on ice. After centrifugation at
100 000 g for 30 minutes, supernatants were collected (cytosolic
fraction) and stored at �80 8C. Pellets were resuspended in lysis
buffer (45 mL) and centrifuged again at 100 000 g for 30 minutes at
4 8C. The supernatants were discarded as a wash fraction to
remove residual cytosolic proteins. The remaining pellets were re-
suspended in lysis buffer (55 mL) supplemented with 0.2 % Triton X-
100 and sonicated once for 15 seconds. After incubation for 10 mi-
nutes on ice, extracts of the particulate fraction were centrifuged
at 100 000 g for 30 minutes. Supernatants were collected (particu-
late fraction) and stored at �80 8C. Protein concentrations of both
fractions were determined by using Bradford reagent and the albu-
min fraction V as a standard.


For studying PKC-a translocation by Western blotting, equal
amounts of protein (3 mg) from cell extracts were diluted in Roth
4 � loading buffer, boiled at 95 8C for 2 minutes and separated on
a 7.5 % SDS PAGE gel with a stacking gel of 7.1 % polyacrylamide.
Proteins were electrophoretically transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore, Eschborn, Germany) by using a
wet-blot system (BioRad Laboratories, M�nchen, Germany). The
PVDF membranes were blocked for 8 h at 4 8C in 1 % BSA incuba-
tion buffer containing 0.05 % Tween 20 and were incubated at 4 8C
overnight with primary antibody (anti-PKC-a mouse monoclonal
antibody; Biomol, Hamburg, Germany) diluted 1:4 000 in incuba-
tion buffer with 1 % BSA and 0.05 % Tween 20. Membranes were
washed several times in incubation buffer containing 0.05 %
Tween 20 and incubated for 1 hour at room temperature with sec-
ondary antibody (anti-mouse POD-conjugated antibody; Sigma,
Deisenhofen, Germany) diluted 1:4 000 in incubation buffer with
0.05 % Tween 20. After extensive washing, membranes were devel-
oped by using the enhanced chemiluminescence (ECL) detection


system (Amersham Biosciences, Freiburg, Germany). These mem-
branes were stored at 4 8C and stripped according to the manufac-
turer’s protocol for reprobing with anti-a-tubulin monoclonal anti-
body (Dianova, Hamburg, Germany) to ensure equal amounts of
utilised extract. For detection of PARP fragmentation, membranes
were incubated after protein transfer with primary antibody (anti-
PARP mouse monoclonal antibody; Biomol, Hamburg, Germany;
1:4 000) and extensively washed. Visualisation was performed by
using secondary anti-mouse immunoglobulin G (IgG)/POD-conju-
gated antibody (Sigma; 1:4 000) and the ECL detection system
from Amersham Biosciences.


Microscopy : Stable transfected HepG2 cells were treated with
PMA, IFN-g, C6-Cer and the analogue 14 as indicated, washed with
PBS, fixed in 2 % paraformaldehyde in PBS for 20 minutes and
transferred to a microscope slide coated with Dako fluorescent
mounting medium. The slides were observed with a Axioplan-2
imaging microscope (Zeiss, Jena, Germany) with a Zeiss AxioCam
attached.


Statistical analyses : Results are expressed as the mean values �
standard error of the mean (SEM) of at least three experiments.
Statistical procedures were performed by the impaired Student’s t
test or the Mann–Whiney test by using the SIMSTAT program (Pro-
valis Research, Montreal, Canada). A p value of 0.05 or less was
chosen for statistical significance.
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Introduction


Azurin from Pseudomonas aeruginosa (PA) is a small 128-resi-
due, copper-containing redox protein that plays a role in elec-
tron transport.[1] In the case of redox proteins, there is consid-
erable interest in understanding how the protein matrix acts
to tune the redox potential of the metal site. Three-dimension-
al structures for azurin PA have been determined for different
pH values.[2–4] Apart from a small conformational change at res-
idues 35 to 37, which is due to (de)protonation of His35, the
protein structures at different pH values are rather similar
(Figure 1). The copper ion is coordinated by the Sg atom of
Cys112, the Nd atoms of His46 and His117, the carbonyl
oxygen of Gly45 and the Sd atom of Met121; this results in
a trigonal bipyramidal coordination geometry around the
copper. Structures of the reduced copper site[3, 6, 7] are nearly
identical to those of the oxidised protein. Experimentally,
azurin has been extensively studied, and the effects of a large
number of mutations on the redox potential are known.[8–10] To
complement such studies there is much interest in computa-
tional methods that could be used to estimate changes in
redox potential associated with changes in pH or specific mu-
tations. To directly calculate the redox potential of azurin as a
function of pH or protein composition is, however, currently
not possible. This would require a full quantum-chemical treat-
ment of the copper site, including its immediate environment,
and would need to include entropic effects associated with al-
ternative conformational states of the protein and the solvent.
Since extensive sampling of atomic motion in combination
with high-level electronic-structure calculations is not practica-
ble for systems of the required size and complexity, one must
make one or more simplifying assumptions:


i) One may treat the copper ion and its ligands using high-
level quantum-chemical methodology, but neglect the pro-
tein environment, the solution and entropic contribu-
tions.[11–13]


ii) One may treat the protein in explicit solvent using an em-
pirical force field and classical dynamics. This approach in-
cludes entropic effects through extensive conformational
sampling. It treats the processes of oxidation and reduction
as purely electrostatic effects, implicitly assuming that
quantum-mechanical contributions are the same for all
mutations.[14–18]


iii) A third approach is to simply neglect both the quantum-
mechanical nature of the transition and entropic contribu-
tions from the environment and treat oxidation and reduc-
tion as purely electrostatic phenomena. For example, one
may perform Poisson–Boltzmann calculations based on a
given (X-ray) structure in the oxidised and reduced
states.[19, 20]


A combination of different approaches might be the most
appropriate method.[21–25] However, combined approaches in-
troduce inconsistencies between different aspects of the prob-


Azurin from Pseudomonas aeruginosa is a small 128-residue,
copper-containing protein. Its redox potential can be modified by
mutating the protein. Free-energy calculations based on classical
molecular-dynamics simulations of the protein and from mutants
in aqueous solution at different pH values were used to compute
relative redox potentials. The precision of the free-energy calcula-
tions with the l coupling-parameter approach is evaluated as
function of the number and sequence of l values, the sampling


time and initial conditions. It is found that the precision is criti-
cally dependent on the relaxation of hydrogen-bonding networks
when changing the atomic-charge distribution due to a change
of redox state or pH value. The errors in the free energies range
from 1 to 10 kBT, depending on the type of process. Only qualita-
tive estimates of the change in redox potential by protein muta-
tion can be obtained.
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lem and make it impossible to determine the dominant contri-
butions. In this article, we explore the accuracy and applicabili-
ty of the second approach. Molecular-dynamics (MD) simula-
tions of azurin in both oxidised and reduced forms and at
pH 5 and pH 9 in explicit water are used to estimate the rela-
tive redox potential of the wild-type protein and four muta-
tions: M44K, N47L, N47D and F114A.


The thermodynamic integration method[26] was used to com-
pute free-energy differences between different states of the
system.[27] In this approach, the Hamiltonian H(p,r) that de-
scribes the molecular system as function of the generalised co-
ordinates r and momenta p is made a function of a coupling
parameter l, H(p,r ;l). The coupling parameter is chosen such
that when l=lA, the Hamiltonian of the molecular system cor-


responds to that of state A, that is, H(p,r ;lA) = HA(p,r) and
when l=lB, the Hamiltonian of the system corresponds to
that of state B, that is, H(p,r ;lB) = HB(p,r). Since the Hamiltonian
is a function of l, the free enthalpy or Gibbs free energy[27]


GðN,p,TÞ ¼ �kBT ln½h�3N V�1


Z Z Z
expf�ðHðp,rÞ þ pVÞ=kBTgdpdrdV�


ð1Þ


is also a function of l. The derivative of the free energy with
respect to l is given by[26]


dGðlÞ=dl ¼ h@HðlÞ=@lil ð2Þ


Figure 1. Top) X-ray structure[3] in stereo presentation (PDB[5] code 4AZU, subunit A) of azurin in its oxidised form at pH 5. The Cu atom, its ligands and the side
chains that are mutated are represented at the atomic level. Bottom) Overlay of the active sites of the oxidised (black) and reduced (grey) forms in ball and stick
mode.
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Here N is the number of particles in the system, p is the pres-
sure and V is the volume of the system, T is the temperature,
kB is Boltzmann’s constant and h is Planck’s constant. From
Equation (2), the thermodynamic-integration (TI) formula for
the free-energy difference between states A and B follows
immediately


DG ¼ GðlBÞ�GðlAÞ ¼
ZlB


lA


h@HðlÞ=@lildl ð3Þ


To evaluate Equation (3), the ensemble average h@H/@li can be
determined from simulations at a series of l values between lA


and lB, and the integral can be determined numerically. As l


can refer to any arbitrary coordinate, the coupling-parameter
approach may be used to link two physical states through a
nonphysical pathway. Here, the charge distribution on the
copper and its ligands is varied as function of l to model the
transition from the oxidised to the reduced state of azurin. Al-
ternatively, the protonation state of the residue His35 was al-
tered as a function of l to mimic the transition from pH 5 to
pH 9. The protonation state of His83 was not varied, since the
side chain of this residue is exposed to the solvent. The func-
tional dependence of H(p ;r ;l) on l effectively describes the
pathway from state A to state B.


The computation of a free-energy difference by using Equa-
tion (3) involves three basic choices:


i) the definition of the end states A and B,
ii) the pathway that will connect them, and
iii) the definition of one or more thermodynamic cycles of


which they are a part.


Since the free energy is a thermodynamic state function, the
change in free energy DGB,A will be independent of the path
connecting states A and B. Along any closed path or cycle,
DGcycle = 0. This is true so long as the system remains in equili-
brium, and the change is performed in a reversible manner.
Thus, if we consider the cycle (4) and can calculate all four legs
it, we may use cycle closure to test the quality of the equilibra-
tion, sampling and integration over l.


The study presented in this paper consists of four parts.
First, the stability of the protein in the four (end) states of
cycle (4) is investigated. Second, the convergence behaviour of
h@H/@li as a function of the simulated time per l value and as
a function of the choice of initial atomic velocities is examined.
We investigate the precision of expression (3) as function of
the number of discrete l values used and of the choice of the
sequence of the particular l values when changing the system
from one l value to the next. The thermodynamic cycle (4)


was used to estimate the precision of the calculated DG
values. Third, the effects of variations in the Hamiltonian on
the calculated DG values are considered. Fourth, the thermo-
dynamic-integration technique is applied to investigate the
effect of various azurin mutations on the redox potential.


Results and Discussion


Overall structure of the protein


To test the stability of the protein within the force field, the
four end states of thermodynamic cycle (4) were equilibrated
for 450 ps then simulated for 400 ps. The protein structures in
all cases remained close to the X-ray structure of the oxidised
form at pH 5[3] with backbone atom-positional root-mean-
square differences after 950 ps with respect to this X-ray struc-
ture of 0.12 nm for ox, pH 5; 0.11 nm for red, pH 5; 0.17 nm for
ox, pH 9 and 0.14 nm for red, pH 9. The secondary structure as
derived from NMR experiments for the reduced form at pH 5.5
and 40 8C in aqueous solution[4] is also largely maintained in
the four simulations of the four end states. This is illustrated in
Table 1 in which the percentage backbone–backbone NH···CO


Table 1. Populations [%] of main-chain hydrogen bonds in MD simulations
of azurin in water in different redox states and at different pH values.[a]


NH�CO red, pH 5 ox, pH 5 red, pH 9 ox, pH 9
averaging 400/400 400/400 400/400 800/800
period [ps]


Turn type II
4–1 0/0 0/0 0/0 0/0
strands S1–S3
30–3 98/99 98/97 96/87 97/99
5–30 97/96 97/100 98/93 99/99
32–5 90/97 94/98 99/98 99/99
7–32 96/98 95/96 98/98 99/94
34–7 98/78 95/78 94/95 91/94
9–34 95/84 98/93 94/1 86/99
turn type I
13–10 0/0 0/0 0/0 0/0
strands S2a–S1
10–14 28/82 6/71 60/57 1/77
16–8 94/57 89/98 81/98 98/66
turn type II
19–16 0/0 0/0 0/0 0/0
strands S2b–S8
124–18 89/83 92/94 91/97 92/89
20–124 82/93 84/92 90/99 95/94
126–20 91/90 87/72 74/98 76/97
22–126 98/80 98/97 98/99 97/98
128–22 96/0 92/36 96/60 91/80
24–128 93/0 91/1 80/0 34/21
turn type I
26–23 77/7 72/91 65/14 79/88
turn type II
28–25 0/0 0/0 0/0 0/0
strands S3–S6
99–27 96/97 87/99 87/6 91/92
29–97 97/98 98/99 98/90 98/100
97–29 99/99 96/99 99/94 99/99
31–95 99/98 99/99 99/90 99/99
95–31 97/98 90/98 98/95 97/99
33–93 91/92 88/93 88/98 96/93
93–33 99/54 99/99 97/96 97/98
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hydrogen bonding in the simulations is presented for the hy-
drogen bonds that were inferred from the NMR experiment
(Figure 6 of ref. [4]). Only nine out of 68 backbone–backbone
hydrogen bonds were not seen in the simulations. Five are lo-
cated in turns, which may not have a very stable conformation.
Two are i to i�3 hydrogen bonds (i is the residue sequence
number) in helix 2 and one is an i to i�4 hydrogen bond at
the N terminus of the short helix 1. Of the many interstrand
hydrogen bonds, only one, from residue 87 to residue 46 at
the edge of strands S4 and S5, is not seen in the simulations.
Instead, the NH of residue 87 makes a stable hydrogen bond
to the carbonyl oxygen of residue 47.


Free-energy calculations


In Figure 2 the values of h@H/@li along the four legs of the
thermodynamic cycle (4) are shown. The DG values as calculat-
ed from Equation (3) are shown at the arrows along the four
legs of the cycles in Figure 3. When more than one value is
given, the upper value, DGf, is from the forward change of l


(l= 0 to 1 in the direction of the arrow), the middle value,
DGb, is from the reverse change of l (l= 1 to 0), and the lower
value is the Boltzmann weighted average, calculated from:[28]


DGave ¼ �kBT ln
exp�DGf=kB T þ exp�DGb=kB T


2
ð5Þ


with kBT = 2.5 kJ mol�1. For the process of oxidising the copper
at pH 5 (Figure 2 A), most of the difference of 10 kJ mol�1 be-
tween the forward and reverse processes (Figure 3 A) occurs
for l<0.4. At pH 9, the hysteresis of this process is small
(<1 kJ mol�1; Figure 2 B). The curves for the process of changing
the pH display a much larger hysteresis of 45 kJ mol�1 in the
reduced state (Figure 2 C) and 30 kJ mol�1 in the oxidised state.
Apparently, the protein does not have sufficient time during
the simulations to relax and reach equilibrium as l is changed.
This is confirmed by the results obtained when l was varied
in a nonsequential (random) manner. The green curves in
Figure 2 show larger differences in h@H/@lil values for adjacent
l values than when l was changed sequentially (red and black
curves), despite the fact that values at each l should be inde-
pendent. Changing l nonsequentially results in values for
DGcycle that are twice as large (Figure 3). Extending the number
of l values from 11 (Figure 3 A and C) to 21 (B and D) in the in-
tegral of Equation (3) does not significantly improve cycle clo-
sure (DGcycle). This is not surprising considering that the dG/dl


profile is smooth. Extending the sampling time per l value
does not dramatically improve the convergence of h@H/@lil, as
is illustrated in Figure 2 B. In view of this, neither is a reverse
cumulative average (RCA) analysis of the data expected to pro-
vide further insight into the convergence question.[29] In Fig-
ure 2 B, it is indicated that neither does varying the initial ve-
locities per l value, which can be used to randomise sampling,
improve the overall convergence of DG. We have tried to iden-
tify structural changes or lack of them that are correlated with
the occurrence of hysteresis at particular l values. When con-
sidering the change from pH 5 to pH 9, for which process the


Table 1. (Continued)


NH�CO red, pH 5 ox, pH 5 red, pH 9 ox, pH 9
averaging 400/400 400/400 400/400 800/800
period [ps]


35–91 75/85 97/98 99/78 98/97
helix H1
43–40 64/68 57/62 67/54 54/60
44–40 95/98 89/99 97/97 98/96
45–41 0/0 0/0 0/0 0/0
strands S4–S5
46–87 98/82 100/93 99/94 99/99
87–46 0/0 0/0 0/0 0/0
84–48 86/1 92/96 80/81 96/92
50–82 99/0 98/45 98/98 98/98
82–50 54/0 53/0 50/38 59/48
strands S4–S7
49–111 96/98 97/98 94/96 97/98
111–49 97/100 98/100 96/99 98/98
51–109 97/94 99/97 98/99 97/99
109–51 94/95 88/10 94/88 81/63
53–107 76/96 52/0 40/0 17/0
helix H2
55–52 14/49 12/3 14/0 82/60
56–53 0/0 0/0 0/0 0/0
57–54 0/0 0/0 0/0 0/0
59–55 92/0 86/0 86/0 15/0
60–56 95/86 95/83 95/90 96/93
61–57 93/94 82/89 94/97 94/86
62–58 86/72 81/66 86/94 80/82
63–59 95/99 98/0 98/0 99/99
64–60 99/99 99/0 100/0 100/100
65–61 76/90 79/0 90/0 93/93
66–63 53/37 71/0 33/24 21/15
67–64 8/40 14/0 23/0 35/32
turn type I
71–68 50/56 44/8 34/51 47/52
73–70 89/99 83/91 95/94 88/97
turn type II
77–74 0/0 0/0 0/0 0/0
turn type I
80–77 7/0 25/2 29/2 25/13
turn type II
91–88 77/0 48/58 76/86 76/75
helix H3
101–98 40/4 6/0 59/3 12/12
102–99 77/89 71/87 84/2 79/82
turn type II
106–103 17/39 31/29 34/0 75/33
strands S7–S8
108–125 17/85 47/87 62/89 83/96
125–108 98/96 99/100 97/98 99/99
110–123 99/98 99/97 99/99 99/99
123–110 98/99 96/100 99/97 99/97
112–121 13/35 38/54 38/58 77/17
turn type II
117–114 73/70 60/44 72/72 44/43
helix H4
120–117 66/33 17/26 51/55 46/32
121–117 95/96 93/97 96/98 98/94


[a] The two percentages for the first three states were obtained from sim-
ulations before and after a forward and backward change to another
state. For the first three columns these intermediate states are: ox, pH 5;
ox, pH 9 and ox, pH 9. The percentages of the ox, pH 9 state are from
simulations after a change from the ox, pH 5 state and from the red,
pH 9 state. A hydrogen bond is defined by a hydrogen–acceptor distance
of less than 0.25 nm and a donor-hydrogen-acceptor angle larger than
1358. Only hydrogen bonds indicated in Figure 6 of ref. [4] have been
listed.
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hysteresis is the largest, the side chain of His35 becomes de-
protonated, and its charge distribution and hydrogen-bond-
forming ability change drastically (Table 2). The value of h@H/
@lil appears correlated to the presence or absence of a hydro-
gen bond between Hd1 of His35 and the carbonyl oxygen of
Pro36. This hydrogen bond should be present at pH 5, but at
pH 9 is replaced by a hydrogen bond between the NH of
Gly37 and the Nd of His35 for large l values. For this to occur,
the peptide plane of Pro36/Gly37 must flip by 1808, a confor-
mational change that is observed in X-ray diffraction studies[3]


and that was also observed in the simulations. However, NMR
studies suggest that the structural relaxation around His35 is
slow[30] and, thus, it is not surprising that insufficient sampling
at intermediate l values is observed.


Experimentally,[8–10] the value for DGox,red(pH 5)�DGox,red(pH 9)
is 7 kJ mol�1. The thermodynamic integration calculations yield
15 kJ mol�1 (Figure 3 A and B) when using sequential l values
and �7 kJ mol�1 (Figure 3 C and D) when using random l


values along the pathway from the reduced to the oxidised
state. When using the two other (vertical) legs of the thermo-
dynamic cycle to obtain this DG value, we find 5 (Figure 3 A)
and 8 kJ mol�1 (Figure 3 B) using sequential l values, and 10


(Figure 3 C) and 12 kJ mol�1 (Figure 3 D) using random l values.
On average, these eight values are only 1 kJ mol�1 lower than
the experimental one, but their spread (22 kJ mol�1) is much
larger than 1 kJ mol�1.


The sensitivity of the DG values obtained to the particular
charge distributions used is illustrated in Figure 3. The results
of panels A–D were obtained with the charge set I of Table 2
and those of panel E with the slightly different charge set II.
The changes, which only concern the reduced state, yield
slightly lower values for DGox,red(pH 5)�DGox,red(pH 9):
4 kJ mol�1, and 8 kJ mol�1 obtained via the vertical legs of the
cycle. These are comparable to the experimental value of
7 kJ mol�1.


Summarising, we may conclude that the errors in the differ-
ent DG values range from 1 to 10 kBT, depending on the type
of process and choice of sequence of l values. The cycle-clo-
sure value is smaller when using sequential l values than
when choosing a random sequence. In the former case, com-
pensation of errors for the forward and backward processes is
likely. A small change of the Hamiltonian causes changes in
the relative DG values of 1 to 6 kBT. Extending the sampling
times beyond a few hundred picoseconds, doubling the


Figure 2. dG/dl from Equation (2) as a function of l for the four legs of the thermodynamic cycle (4). Change between the reduced state (l= 0) and the oxidised
state (l = 1) at A) pH 5 and B) pH 9. Change between the protonated state of His35 (pH 5, l= 0) and the deprotonated (neutral) state of His35 (pH 9, l= 1) for
C) the reduced and D) the oxidised protein. The values in black represent a (forward) sequence of 21 equidistant l values from l = 0 to 1. The values in red were
obtained by extending the simulations at l= 1 and then using a (backward) sequence of 21 equidistant l values from l = 1 to l = 0. The simulations in the end
points, l= 0 and l = 1, were equilibrated for 450 ps and sampled for 400 ps ; at the intermediate l values, the equilibration was 50 ps and the sampling was
400 ps. The values in green were obtained through a randomly chosen sequence of l values. In B, results for different sampling times (red: 200, violet : 600, green :
900 ps) for the random l sequence are displayed too. The purple dots represent values obtained by using different initial atomic velocities (equilibration 10 ps,
sampling 90 ps). The error bars are obtained by block averaging over 400 ps periods (sequential l changes) and 300 ps (random l changes).
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number of l values beyond about 10 or varying the initial ve-
locities yields variations in the DG values of only 1 kBT. The
slow structural relaxation of the protein in response to a
change of l appears to be the major determinant of the preci-
sion of the calculated DG value upon a change in pH or redox
state.


Since the first applications of the thermodynamic integra-
tion[26] and perturbation[31] formulae in MD simulation studies
to obtain relative free-energy differences,[32, 33] a variety of tech-
nical aspects and pitfalls have been identified[34–36] and are still
being investigated.[28, 37–41] As we find in this study, the most
important factors determining the precision of a DG value are
the choice of pathway or l-dependence of the Hamiltoni-


an[27, 42] and the relaxation of the molecular environment upon
changing the Hamiltonian.


Relative redox potentials of azurin mutants


In the simulations, the hysteresis of the forward and reverse
redox-state change in azurin is of the order of a few kBT. Even
at this rather low precision, one can still use the thermody-
namic-integration approach to predict the relative redox po-
tentials of different mutants of azurin. In Figure 4, the relative
free energies DGox,red(pH, mutant)�DGox,red(pH 5, wild-type) cal-
culated from MD simulations are compared to the experimen-
tal values.[8–10] The average hysteresis is 6 kJ mol�1. Although
some correlation between calculated and measured relative
redox potentials is observed, overall the correlation is rather
poor. This leads to the conclusion that thermodynamic-integra-


Figure 3. Free energy differences DG [kJ mol�1] along the four legs of the ther-
modynamic cycle (4) calculated from Equation (3) and obtained by using differ-
ent sequences of l values, different equilibration and sampling periods and
slightly different Hamiltonians. Sequential l values: A, B and E. Random l


values : C and D. Dl= 0.1: A, C and E. Dl= 0.05: B and D. Standard Hamiltoni-
an (charge set I in Table 2): A, B, C and D. Alternative Hamiltonian (charge set
II in Table 2): E. For further explanation, see Figure 2 legend.


Table 2. Atomic-charge distributions at the copper site in the reduced and
oxidised states and at His35 at pH 5 and pH 9. Charge sets I and II were
obtained from DFT calculations with slightly different input structures, as
found in PDB[5] files 4azu and 5azu.


residue atom charge (e)
reduced (I) reduced (II) oxidised (I/II)


Cu 0.215 0.215 0.333
Gly45 Ca 0.124 0.140 0.147


C 0.381 0.362 0.400
O �0.506 �0.518 �0.526


His46 N �0.730 �0.721 �0.705
H 0.368 0.380 0.384
Ca 0.461 0.451 0.429
Cb 0.094 0.088 0.117
Cg 0.077 0.078 0.079
Nd1 �0.373 �0.384 �0.386
Cd2 0.014 0.058 0.055
Ce1 0.350 0.297 0.378
Ne2 �0.565 �0.426 �0.534
He2 0.479 0.443 0.494


Cys112 Ca �0.039 �0.035 �0.013
Cb 0.056 0.071 0.153
Sg �0.629 �0.646 �0.222


His117 Ca �0.035 �0.039 �0.017
Cb 0.214 0.180 0.217
Cg �0.003 0.011 0.001
Nd1 �0.378 �0.368 �0.391
Cd2 0.142 0.106 0.181
Ce1 0.352 0.338 0.366
Ne2 �0.489 �0.441 �0.451
He2 0.409 0.388 0.433


Met121 Ca �0.110 �0.122 �0.087
Cb 0.168 0.166 0.156
Cg 0.084 0.070 0.131
Sd �0.259 �0.241 �0.261
Ce 0.129 0.108 0.141


charge (e)
pH 5 pH 9


His35 Cg �0.05 0.13
Nd1 0.38 �0.58
Hd1 0.30 –
Cd2 0.0 0.0
Ce1 �0.24 0.26
Ne2 0.31 0.0
He2 0.30 0.19
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tion calculations to obtain free-energy differences between dif-
ferent redox states or pH values may only be used to obtain
rough estimates of the effects of mutating the protein. Only if
ways are found to properly relax and sample the various pro-
tein conformations, may the estimates become more than
qualitative.


Computational Methods


The MD simulations were carried out by using the GROMACS simu-
lation software[47, 48] and the GROMOS96 biomolecular force field,
parameter set 43A2.[49–51] Aliphatic CHn groups were treated as
united atoms. The simple-point-charge (SPC) model[52] was used for
water.


The atomic charges for the copper and its ligands (Table 2) were
obtained from density-functional (DFT) quantum-chemical calcula-
tions by using the Amsterdam Density Functional (ADF) soft-
ware.[53] The positions of the non-hydrogen atoms in the Cu site
were taken from the X-ray structure of oxidised azurin at pH 5
(PDB[5] code 4AZU). The Becke–Perdew exchange-correlation func-
tional was used with a triple-zeta valence plus polarisation basis
set of Slater-type orbitals. Multipole-derived charge analysis was
used to obtain the atomic charges.[54] To obtain charges for the ali-
phatic united atoms, the charges of the hydrogens were added to
those of the carbons. The charges of charge set II differ slightly
from those of charge set I and were used to check the effect of
changes in the charge distribution on the outcome of the calcula-
tions.


The initial coordinates of the atoms in azurin were taken from the
X-ray structure of the oxidised form at pH 5. Polar and aromatic hy-
drogen atoms were added according to standard geometries.
His83 was (singly) protonated at Ne2. The different protonation


states of the copper ligands and of His35 in the four simulations
(oxidised versus reduced, pH 5 versus pH 9) are shown in Table 2.
Since a classical treatment of the interactions of the copper ion
with its ligands is a rather poor approximation of the quantum-
chemical nature of the latter and may lead to unrealistic deforma-
tions of the copper–ligand geometry, the Cu atom was connected
to the protein by constraining the distances from the Cu atom to
the five coordinating ligands to the respective values in the X-ray
structure of the wild-type protein (see Table 3, set A). Although the


details of the force field might affect the absolute value of the
redox potential, we expect the potential differences to be insensi-
tive to them. Because of these constraints, no nonbonded interac-
tion between the copper and its five coordinating atoms was
taken into account. The distance constraint set B was taken from
the XRD structure of the F114A azurin variant[46] and was used in
the MD simulations of this variant. In the MD simulations of the re-
duced state, one of the Hd2 atoms of the side chain of Asn47 tends
to form a hydrogen bond with the Cg atom of Cys112, thereby dis-
rupting the coordination sphere of the copper. To prevent this, a
repulsive distance restraint was applied between the N?d2 atom of
Asn47 and the Cg atom of Cys112 (Table 3).


The protein was placed in a rectangular periodic box with edge
lengths such that the distance between any protein atom and the
walls of the box was larger than 0.6 nm. This resulted in a box
volume of 27.7 m3. The remaining space was then filled with 3208
water molecules taken from an equilibrium distribution of liquid
water at ambient temperature and pressure. The water configura-
tion was relaxed for 50 steps of energy minimisation, while keep-
ing the protein atoms fixed. Next protein and water degrees of
freedom were relaxed through another 50 steps of energy minimi-
sation.


The initial atomic velocities were taken from a Maxwellian distribu-
tion at 300 K. The simulations were performed at constant temper-
ature (300 K) and pressure (1 atm) by separately coupling the pro-
tein and the solvent to external temperature and pressure baths[55]


with coupling times of 0.1 ps for the temperature and 1 ps for the
pressure. The pressure was calculated with a molecular virial and
held constant with an isothermal compressibility of 4.575 � 10�4


(kJ mol�1 nm�3)�1. In the azurin simulations of the thermodynamic
cycle in which charge set I was used, the bond lengths in the pro-
tein were kept rigid by using the LINCS algorithm[56] with a geo-
metric tolerance of 10�4. The geometry of the water molecules was
kept fixed in the same manner. The equations of motion were inte-
grated by using the leap-frog algorithm and a time step of 2 fs. In
the simulations of azurin with charge set II and of the azurin mu-
tants, the bonds in the protein were not constrained and a time
step of 1 fs was used.


Figure 4. Comparison of calculated and measured relative redox potentials
[kJ mol�1] for azurin and some mutants at different pH values: DDG =


DGox,red(pH, mutant)�DGox,red(pH 5, wild type). The experimental values were
taken from refs. [42–44] The experimental DDG value for N47L was obtained
from the experimental data on Alcaligenes denitrificans azurin.[45] The calcu-
lated values were obtained by using the forward change (l= 0 to 1) from the
reduced to the oxidised state (&) and the backward change (l = 1 to 0) from
the oxidised to the reduced state (&). For the N47DH variant, only the forward
calculation was performed (DDG = 12 kJ mol�1).


Table 3. Bonding parameters for the copper–ligand distance restraining. Set
B was only used for the mutant F114A.


Atom pair Distance restraint [nm]
set A set B


Cu–O Gly45 0.2955 0.3066
Cu–Nd1 His46 0.2064 0.2208
Cu–Sg Cys112 0.2267 0.2215
Cu–Nd1 His117 0.1978 0.2362
Cu–Sd Met121 0.3164 0.3006
Nd2 Asn47–Sg Cys112 0.45 0.45
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The nonbonded interaction between atoms in so-called charge
groups[49] was calculated according to a spherical triple-range cut-
off scheme. Short-range van der Waals and electrostatic interac-
tions were evaluated at every time step by using a charge-group
pair list that was generated with a short-range cut-off radius of
0.8 nm between centres of geometry of the protein charge groups
and the oxygen atoms of the water molecules. Longer-range van
der Waals and electrostatic interactions, between pairs at a dis-
tance longer than 0.8 nm and shorter than a long-range cut-off of
1.4 nm, were evaluated every fifth time step, at which point the
pair list was also updated, and were kept unchanged between
these updates. To approximate the electrostatic interactions
beyond the long-range cut-off, a Poisson–Boltzmann reaction-field
force was used. The value for the dielectric permittivity of the con-
tinuum outside the long-range cut-off was 78.


The MD simulations of the thermodynamic cycle (4) were initialised
in the reduced form at pH 5. First, the upper and left legs were si-
mulated forward to the oxidised form (at pH 5) and to pH 9 (in the
reduced form), respectively, and then back to the reduced form at
pH 5. Second, the lower and right legs were simulated, starting at
the reduced form at pH 9 and at the oxidised form at pH 5, respec-
tively, forward to the oxidised form at pH 9, and then back to the
respective initial states. At each of the four end points of the ther-
modynamic cycle, the system was equilibrated for 450 ps and sam-
pled for another 400 ps. The change in l along the horizontal and
vertical pathways was carried out in 10 or 20 steps of Dl= 0.1 or
Dl= 0.05. At each l value, 50 ps equilibration was followed by
400 ps sampling. For some cases, the change in l values was non-
sequential. The following random sequence of 21 l values was
used: 0.35, 0.6, 0.2, 0.7, 0.8, 0.55, 0.45, 1.0, 0.05, 0.25, 0.4, 0.85, 0.75,
0.1, 0.95, 0.65, 0.0, 0.15, 0.3, 0.5, 0.9. For each l value equilibration
covered 700 ps and sampling the next 300 ps. The results of these
simulations are presented in Table 1 and Figures 2 and 3.


The simulations of the mutants were based on charge set II
(Table 2) and involved different numbers of water molecules: 2796
for F114A, 3189 for M44K at pH 5, pH 8 and pH 10, and 4152 for
wild-type azurin at pH 5 and pH 9, for N47L, for N47D and for
N47DH (the protonated form of Asp47). In these simulations, eight
to 13 l values are used per change of oxidation state. The equili-
bration at the end points of the legs of the cycle was reduced to
250 ps, and the sampling time per l value was reduced to 200 ps.
For the simulations of the M44K variant, the state of protonation
of H35 and K44 was chosen as follows: pH5: both residues proto-
nated; pH 8: H35 deprotonated, K44 protonated; pH 10: both resi-
dues deprotonated.


Atomic positions were saved every 0.5 ps for analysis. Hydrogen
bonds were calculated by using a geometric criterion. A hydrogen
bond is defined by a minimum donor-hydrogen-acceptor angle of
1358 and a maximum hydrogen–acceptor distance of 0.25 nm.


Keywords: free-energy calculation · GROMOS force field ·
molecular dynamics · simulations · thermodynamics
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Gerard W. Canters*[a]


Introduction


The spectroscopically rich properties of the covalently bound
heme and the high solubility in both the folded and unfolded
state make c-type cytochromes (cyts c) an ideal choice for fold-
ing/unfolding studies. Much work has focused on the mito-
chondrial proteins from horse heart (hh) and the two isoforms
from yeast. Kinetics,[1] native-state hydrogen-exchange NMR
measurements,[2–4] resonance Raman spectroscopy,[5, 6] one- and
two-dimensional NMR spectroscopy,[7–10] fluorescence spectros-
copy,[11] and EPR, optical, and CD spectroscopies[12] are some of
the many biophysical methods that have been employed to
gain an insight into the folding/unfolding behavior of these
metalloproteins. The loss of the sixth axial methionine ligand
to the heme is widely considered to be the first step of the un-
folding process, which results in deprotonated protein-based
ligands, such as histidine, lysine and the N-terminal a-amino
group, as well as solvent molecules competing for the vacant
heme coordination site.[6–9, 13–17]


The folding/unfolding of bacterial cyts c has received less
attention than that of their mitochondrial counterparts. The
class I cyt c-550 from the Gram-negative bacterium Paracoccus
versutus has 134 amino acids and is a member of the larger
class of bacterial cyts c.[18] The structure in the ferric state has
been solved by X-ray diffraction, which indicates the presence
of five a helices and two short stretches of antiparallel b


strand, wrapped around the six-coordinate heme with M100
and H19 as the axial ligands (J.A.R.W., unpublished results;
Figure 1). Although similar in structure to the well-studied
hh cyt c, a number of insertions are present that give rise to
the increased size, and sequence homology between the two
proteins is very low.[19] Furthermore, in variance to the observa-


tions of previous folding/unfolding studies with bacterial
cyts,[20–23] cyt c-550 contains one potentially misligating histi-
dine residue, located after the C terminal helix (Figure 1). This
position contrasts with the sequence positions of the misligat-
ing histidine residues found in hh cyt c (Figure 1), which in an
unfolded state has H33 as the predominant nonnative ligand
to the heme.[24] In an unfolded state, the H33 misligation pre-
vents proper refolding in the middle segment of the polypep-
tide chain but does not stop the formation of a proposed early
intermediate folding species (or late unfolding species) with
interacting N- and C-terminal helices.[13]


Differences in the dynamic properties and folding pathways
of class I bacterial cyts c are now starting to be identified, with
direct evidence for a bacterial cyt c which refolds along parallel
folding pathways.[21] Such pathways have not, as yet, been de-
tected in the mitochondrial proteins and may lead to the ques-
tion of whether the topology of the native protein is an impor-
tant determinant of the folding/unfolding mechanism.[25]


Therefore, studies on bacterial proteins, which are generally
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The effect on the heme environment upon unfolding Paracoccus
versutus ferricytochrome c-550 and two site-directed variants,
K99E and H118Q, has been assessed through a combination of
peroxidase activity increase and one-dimensional NMR spectros-
copy. At pH 4.5, the data are consistent with a low- to high-spin
heme transition, with the K99E mutation resulting in a protein
with increased peroxidase activity in the absence of or at low
concentrations of denaturant. Furthermore, the mobility of the
polypeptide chain at pH 4.5 for the wild-type protein has been
monitored in the absence and presence of denaturant through


heteronuclear NMR experiments. The results are discussed in
terms of local stability differences between bacterial and mito-
chondrial cytochromes c that are inferred from peroxidase activi-
ty assays. At pH 7.0, a mixture of misligated heme states arising
from protein-based ligands assigned to lysine and histidine is de-
tected. At low denaturant concentrations, these partially unfolded
misligated heme forms inhibit the peroxidase activity. Data from
the K99E mutation at pH 7.0 indicate that K99 is not involved in
heme misligation, whereas histidine coordination is proven by
the data from the H118Q variant.
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more varied in size and have lower sequence homology be-
tween the different species, are important to complement the
many studies performed with the mitochondrial proteins.


Previously we have concentrated on the equilibrium unfold-
ing of both mitochondrial and bacterial ferricyts c by monitor-
ing the increase in their peroxidase activity in the presence of
denaturant.[26, 27] This novel unfolding probe allows information
on the lowest free energy unfolding species to be obtained.[26]


Clear differences in the total increase in peroxidase activity and
the thermodynamic unfolding parameters relating to the
lowest free energy unfolding species between the different
cyts exist, with the mitochondrial proteins having a less stable
methionine ligand interaction in the presence of denaturant.[26]


In the present study the effect of unfolding on the heme en-
vironment of cyt c-550 has been assessed at two pH values by
using a combination of peroxidase activity assays and 1D NMR
spectroscopy. Interpretation of the data for the wild-type (wt)
protein has been aided by studying various forms of cyt c-550.
We show that despite the unusual sequence position of H118,
as compared to the corresponding histidine residue in
hh cyt c, this residue and one or more lysine residues (but not
K99, which is homologous to K79 in hh cyt c) are involved in
ligand-exchange events as the protein unfolds. The effect of
these nonnative ligands on the peroxidase activity is assessed.
Also, the effect of unfolding at pH 4.5 on the polypeptide
chain is monitored through a 15N NMR mobility study.


Results and Discussion


Choice of cyt c-550 variants


At neutral pH values in the presence of denaturant mitochon-
drial hh cyt c undergoes ligand-exchange events in which
lysine or histidine residues can act as nonnative ligands to the
heme.[6–8, 13] As cyt c-550 contains a single potentially misligat-


ing histidine residue,[19] the
H118Q variant was constructed
to unequivocally test whether
histidine ligation is occurring as
the protein unfolds. For lysine
coordination, K79 and K73 of
hh cyt c have been postulated as
the nonnative coordinating resi-
dues.[8] The lysine residue prior
to the axial methionine ligand
(K79 in the hh numbering) is
conserved in a high number of
class I cyt c sequences, and for
hh and yeast iso-1-cyt c this
lysine is involved in ligand-
exchange events occurring at
alkaline pH values.[28–30] To test
whether lysine coordination
plays a role in the unfolding of
cyt c-550, all lysine residues were
first chemically modified, there-
by rendering them incapable of


binding to the heme. More specifically, K99 in cyt c-550 is
homologous to K79 in the mitochondrial proteins, but no
lysine is found at position 84 in cyt c-550 (homologous to K73
in hh cyt c). Therefore, only a single variant, K99E, was used to
test whether K99 might act as a nonnative ligand to the heme
at neutral pH values.


UV/Vis spectroscopy of ferricyt c-550 and variants at pH 4.5


At pH 4.5 the UV/Vis spectrum of cyt c-550 is indicative of a
low-spin heme protein with two strong field axial ligands.
Upon titration of increasing amounts of guanidinium hydro-
chloride (Gdm·HCl), the protein starts to unfold, thereby caus-
ing the perturbation of a number of electronic absorption
bands in the spectrum and the appearance of new bands. One
of these, a band at 623 nm which is characteristic of a high-
spin species, grows into the spectrum, a result indicating a
change from a low- to high-spin heme. We ascribe this to loss
of the M100 axial ligand, which is apparent from the concomi-
tant loss of the 695 nm band that is characteristic of methio-
nine–heme ligation.[18] Figure 2 A shows the results for the wt
protein and the two variants, with Table 1 listing the corre-
sponding two-state equilibrium unfolding parameters (mid-
point concentrations, Cm, slopes, m, and the derived free
energy in the absence of denaturant, DGunf). For the K99E and
H118Q variants the thermodynamic parameters are within the
error for the wt protein. This indicates that their respective
stabilities, at least under these conditions, are unaltered upon
introduction of the point mutations.


Peroxidase activity of ferricyt c-550 and variants at pH 4.5


In the presence of hydrogen peroxide, cyt c-550, like other fer-
ricyts c, is able to catalyze H2O2 reduction with concomitant
oxidation of a reducing substrate.[31] The rate, however, is ex-


Figure 1. Comparison of the X-ray crystal structures of Paracoccus versutus ferricyt c-550 (left ; PDB code : 2BGV,
J.A.R.W., unpublished results) and hh ferricyt c (right ; PDB code : 1hrc),[67] created by using the PyMOL program (avail-
able from http ://www.pymol.org). The heme and axial ligands are shown as ball-and-stick representations, along with
the two histidine residues in hh ferricyt c that are involved in misligation to the heme on the folding/unfolding path-
way. H118 in P. versutus ferricyt c-550 is also shown. N and C indicate the N- and C-terminal helices. The colors green
(residue numbers 23, 30, and 55) and red (residue numbers 95–97, 99, 101, and 102) on the structure of cyt c-550 high-
light regions relating to the 15N dynamic data discussed in the text.
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tremely low and this can be assigned to two factors. Firstly, it
is the deprotonated form of H2O2 that reacts with the heme
iron. The pKa value of H2O2 free in solution is approximately 12


and, although its apparent value
is lowered by about 4 units by
binding the heme iron center,
only a small fraction of the per-
oxide anion is available at neu-
tral or acidic pH values. Second-
ly, access to the heme for the
peroxide anion is blocked due to
the presence of six ligands on
the iron. Upon addition of


Gdm·HCl, the activity is significantly increased for the wt pro-
tein and the variants (Figure 2 B); this coincides with the loss
of the axial methionine ligand. This results in a vacant coordi-


Figure 2. Equilibrium unfolding at 298 K in the presence of Gdm·HCl for wt ferricyt c-550 and various forms, as monitored by A) the intensity change of the electron-
ic absorption band at 623 nm at pH 4.5, B) the peroxidase activity increase at pH 4.5, C) the peroxidase activity increase as a ratio (variant :wt) of the second-order
rate constant at pH 4.5, D) the peroxidase activity increase at pH 7.0, and E) the peroxidase activity increase as a ratio (variant :wt) of the second-order rate con-
stant at pH 7.0. WT-mod denotes the protein after treatment with O-methylisourea.


Table 1. Thermodynamic parameters (pH 4.5, 298 K) for the equilibrium unfolding of wt ferricyt c-550 and variants
in the presence of Gdm·HCl, as monitored by the intensity change of the electronic absorbance band at 623 nm
and the peroxidase activity increase.


Absorbance at 623 nm Peroxidase activity
Protein DGunf [kcal mol�1] m [kcal mol�1


m
�1] Cm [m] DGunf [kcal mol�1] m [kcal mol�1


m
�1] Cm [m]


wt 6.4�1.6 3.2�0.8 2.0�1.0 4.5�0.5 2.3�0.3 2.0�0.5
K99E 7.1�1.9 3.6�0.9 2.0�1.0 4.5�0.6 2.3�0.3 2.0�0.6
H118Q 6.2�1.5 3.2�0.7 1.9�0.9 4.5�0.4 2.2�0.2 2.0�0.4
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nation site at the heme for the peroxide anion to bind. The
data for the peroxidase activity assays were fitted to a two-
state equilibrium unfolding model and the thermodynamic pa-
rameters are presented in Table 1. In all cases the stabilities, as
measured by peroxidase activity increase, are lower than those
obtained from the 623 nm measurements.


If it is assumed that unfolding is strictly two-state, then at
zero [Gdm·HCl] the fraction of fully unfolded wt protein is
2.49 � 10�5 based on the DGunf value obtained from the equili-
brium unfolding measurements as monitored at 623 nm. This
would correspond to an expected 40 000 times increase in per-
oxidase activity at 6 m Gdm·HCl; yet, from the ratio of activities
between native and “fully” unfolded protein, an activity in-
crease of only 770 times is observed. Therefore, at zero
[Gdm·HCl] , approximately 1.3% of the protein is in a form that
is peroxidase active but is not the fully unfolded species. Thus,
the unfolding curve measured by peroxidase activity is more
representative of the transition to the lowest free energy spe-
cies, as indicated from the lower thermodynamic parameters
compared to those measured with UV/Vis spectroscopy
(Table 1) and fluorescence spectroscopy.[26, 27] Similar observa-
tions are observed for the peroxidase activity assays with
hh cyt c,[26] where the DGunf value obtained from peroxidase
activity is comparable to the DGunf value for local unfolding of
the loop containing the axial methionine at low [Gdm·HCl], as
measured by native-state hydrogen-exchange NMR spectros-
copy.[2]


In the absence of denaturant the second-order rate constant
for the peroxidase activity of the wt protein and the H118Q
variant are comparable at pH 4.5 (Table 2), along with their


total activity increases upon unfolding. For the K99E variant,
however, a fivefold-higher second-order rate constant, relative
to that of the wt protein, is found in the absence of Gdm·HCl
(Table 2). On comparing the activity ratios (variant:wt) in Fig-
ure 2 C, it is clear that removal of K99 results in an increased
population of a peroxidase-active species between 0–1 m


Gdm·HCl. However, at higher Gdm·HCl concentrations the rate
is independent of the mutations introduced into the protein, a
result suggesting that protein-based ligand-exchange events
at pH 4.5, which may affect the peroxidase activity at low
[Gdm·HCl] , are not occurring at high [Gdm·HCl]. At acidic pH
values it is well documented from studies with the mitochon-


drial proteins that ligand exchange does not occur;[1, 5, 6] yet
removal of K99 in cyt c-550 clearly has an effect on the perox-
idase-active form at low denaturant concentrations.


A possible explanation for the above observations can be in-
ferred from the crystal structure of the wt protein (J.A.R.W., un-
published results). Electron density for many of the lysine side
chains is absent, most probably due to their high mobility.
However, electron density is observed for the side-chain amino
group of K99 due to a stabilizing hydrogen-bond interaction
with the main-chain carbonyl oxygen atom of K54. Such an in-
teraction results in the side chain of K99 nestling onto the side
of the heme, thereby helping to protect the heme cavity from
solvent. The loss of a hydrogen-bonding interaction upon re-
placement with a glutamate residue and the subsequent intro-
duction of a negative charge, along with the probable in-
creased exposure of the heme cavity to solvent, would appear
to destabilize either the methionine loop, the metal–ligand in-
teraction, or both; this results in an increased population of a
partially unfolded peroxidase-active protein under native and
low [Gdm·HCl] conditions. Such a subtle destabilization goes
unnoticed in terms of the thermodynamic parameters, but is
clearly detected from the peroxidase activity assays.


1D 1H NMR spectroscopy of ferricyt c-550 at pH 4.5


Due to the paramagnetic properties of low-spin ferricyt c-550
(S = 1=2), a number of well-resolved resonances belonging to
protons of heme substituents and axial ligands are observed
outside of the diamagnetic envelope in the 1H NMR spectrum
(Figure 3 A). The pattern of heme–methyl signals and the pres-
ence of the signal arising from the M100 side-chain methyl
protons are indicative of methionine–histidine heme ligation.
Between 0 and 1 m Gdm·HCl, the intensity of the native pro-
tein signals in the diamagnetic and paramagnetic regions of
the spectrum decreases. Further increases in [Gdm·HCl] result
in a total loss of the native paramagnetic signals. At 1.5 m


Gdm·HCl, peaks appear at a higher frequency in the 1H NMR
spectrum, which are not present in the absence of denaturant
(Figure 3 B). The chemical shifts and line widths are indicative
of protons of heme substituents arising from a high-spin ferric
heme form. This observation is in accordance with the 623 nm
measurements.


The presence of both high- and low-spin heme peaks at 1.5
and 2.1 m Gdm·HCl is indicative of a slow-exchange process on
the NMR timescale between at least two species. In principle,
the high-spin species could be either a penta-coordinate or
hexa-coordinate heme with a water molecule as the sixth
ligand; the latter has been shown to exist on the unfolding
pathway of hh cyt c from time-resolved resonance Raman
spectroscopy.[6] Between 1.5 and 2.1 m Gdm·HCl, the high-spin
heme peaks become better resolved with a new peak forming
at d= 76 ppm (Figure 3 B), whilst at higher denaturant concen-
trations a general broadening of the new resonances is ob-
served. These observations point towards the presence of a
number of different high-spin forms which are exchanging
with one another as the protein unfolds. Attempts with


Table 2. Second-order rate constants, k (298 K), for the reaction of H2O2


with various forms of cyt c-550 in the absence of Gdm·HCl, along with the
total activity increase (defined as the ratio between the second-order rate
constant at 6 m Gdm·HCl and 0 m Gdm·HCl) at the two different pH values.


pH 4.5 pH 7.0
Protein k [m�1 s�1] total increase k [m�1 s�1] total increase


wt 2.1�0.2 770 22.8�0.4 4700
K99E 9.6�0.3 200 26.4�0.4 3100
H118Q 2.6�0.2 720 27.9�0.3 4100
wt-mod[a] – – 34.5�0.4 3340


[a] wt-mod denotes the protein after treatment with O-methylisourea.
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exchange spectroscopy (EXSY) to assign these high-spin heme
peaks proved unsuccessful.


2D NMR spectroscopy of 15N-labeled wt ferricyt c-550 at
pH 4.5


Further insight into the unfolding by analysis of the polypep-
tide chain in the presence of Gdm·HCl was obtained by 1H–15N
HSQC experiments at pH 4.5. Chemical shift variations for the
native amide peaks were observed at all Gdm·HCl concentra-
tions for which they were still visible (0.5–1.5 m Gdm·HCl).
These shifts most likely arise from a combination of increasing
ionic strength and the binding of Gdm·HCl to the protein sur-
face. Recent work has highlighted the fact that Gdm·HCl has
no recognizable hydration shell and is therefore not retained
in the bulk solvent but preferentially binds to the protein sur-
face.[32] In Figure 4, the average amide chemical shift changes
upon increasing [Gdm·HCl] are plotted against residue
number. It is apparent that the binding of Gdm·HCl to the pro-
tein is highly aspecific with many regions of the structure af-


fected. The largest chemical shift changes (Dd�0.2 ppm)
occur in parts of the structure away from the N- and C-terminal
helices and involve residues 47–49, 56–57, 73, 84, 88, 98, 101,
102, and 105. It is interesting to note that the regions 47–49,
56–57, and 101–102 are involved in hydrogen-bonding interac-
tions with buried water molecules in the heme cavity, a fact
suggesting that Gdm·HCl may disrupt these interactions.


In addition to the native amide signals, new peaks appear in
the spectrum at 1.5 m Gdm·HCl (Figure S1 in the Supporting In-
formation). The observation of a new polypeptide form at the
same time as the native fold is consistent with the 1D NMR ex-
periments, where two species differing in heme ligation state
are in slow exchange with one another on the NMR timescale.
With an increase in [Gdm·HCl] or temperature, the native
peaks further decrease in intensity and the new amide peaks
predominate (Figure S1 in the Supporting Information). The
small chemical shift dispersion in the 1H dimension (approxi-
mately 1 ppm) relative to that of the native peaks is indicative
of a polypeptide lacking tertiary and secondary interactions.


15N relaxation of wt ferricyt c-550 in the absence and
presence of Gdm·HCl at pH 4.5


15N relaxation can be used to obtain an insight into the dy-
namics of the polypeptide chain on the nano- to picosecond
timescale.[33] The 15N relaxation times, T1 and T2, and the {1H}15N
nOe value have been measured for all nonoverlapping amide
cross-peaks in the 1H,15N HSQC spectrum for the folded protein
in the absence and presence of Gdm·HCl. The relaxation pa-
rameters are plotted in Figure 5, and the 10 % trimmed mean
values and errors are given in Table 3.[34] From the T1/T2 ratio in
the absence of denaturant, a correlation time (tr) for the over-
all tumbling of the molecule in solution of 6.5�0.2 ns is cal-
culated.[34] This value is in line with other proteins of similar
shape and size and is in good agreement with the tr value
determined for ferrocyt c-550 (6.6 ns).[35] Some residues display


Figure 3. 1H NMR spectra (600 MHz, 298 K) of wt ferricyt c-550 (100 mm NaPi,
pH 4.5) in the presence of increasing amounts of Gdm·HCl. In (A) the signals
arising from the four hyperfine-shifted heme methyl substituents, 8, 3, 5, and 1,
are labeled as a, b, c, and d, respectively, and m corresponds to the side-chain
methyl protons of the coordinating M100 ligand. The spectrum at 2.1 m


Gdm·HCl has been magnified ten times. In (B) the region of the 1H NMR
spectrum containing the new peaks coinciding with increasing [Gdm·HCl] is
depicted.


Figure 4. Average amide chemical shift changes versus residue number for wt
ferricyt c-550 at pH 4.5 and 298 K in the presence of 0.5 m (black), 1.0 m (light
gray), and 1.5 m (dark gray) Gdm·HCl.
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values that are more than one standard deviation below or
above the mean ratio. The latter are indicative of a contribu-
tion of slow (micro- to millisecond timescale) conformational
exchange to the T2 value[36] and include residues A23, V30, and
Y55. A23 and V30 are situated in a loop region on the axial his-
tidine side of the heme protruding out into the solvent
(Figure 1), whereas Y55 is located on a loop protecting the
side of the heme with its side-chain phenolic oxygen atom
forming a hydrogen bond with one of the heme propionate
groups. Residues with mean T1/T2 values slightly below the
average occur predominately in the loop region harboring the
M100 axial ligand and include A95, A96, K97, K99, and F102
(Figure 1). In the {1H}15N nOe measurements, the same residues


have slightly decreased nOe values compared to the average
and this is indicative of fast internal motions.[36] Also notewor-
thy are the low nOe values at the N terminus for E2 (negative
nOe, not shown) and G3 and also for S119 after the C-terminal
helix; these values suggest increased flexibility. Furthermore, a
number of unassigned amide peaks display negative nOe
values. These peaks, in analogy with the assignment data on
the ferrous form,[35] arise from a 13 residue amino acid exten-
sion preceeding the C-terminal helix; from the negative nOe
values, this extension is deemed highly mobile and unstruc-
tured in both oxidation states of the protein.


In general, the rather uniform relaxation parameters indicate
that the main chain of ferricyt c-550 is fairly rigid on the nano-
to picosecond timescale. Such a conclusion was also inferred
from a 15N mobility study with the ferrous form,[35] with the
same backbone regions indicating slight deviations from the
mean relaxation values as were observed here. Other 15N mobi-
lity studies with bacterial cyts c in the ferric state have also re-
vealed little variation in relaxation parameters, a fact suggest-
ing highly rigid structures.[37–39] The only other 15N mobility
study in which both redox states of a bacterial cyt c have been
analyzed is the cyt c-553 from the Gram-positive bacterium
Bacillus pasteurii.[37, 40] This class I cytochrome consists of only
71 amino acids with little variation in mobility on the nano- to
picosecond timescale between the two redox states reported.
Cyt c-550 is almost twice the size of the “minimal” cyt c-553;


Figure 5. 15N relaxation data and {1H}15N nOe values for wt ferricyt c-550 (20 mm sodium acetate, pH 4.5, 100 mm NaCl) in the absence (&) and presence of 1.5 m


Gdm·HCl (*) at 298 K. The numbers on the T1/T2 plot indicate residues that have a ratio above or below the mean, as discussed in the text.


Table 3. 10 % trimmed average T1 and T2 values (seconds), 15N nOe values,
and T1/T2 ratios for backbone amide 15N nuclei of folded wt cyt c-550 in the
absence and presence of Gdm·HCl and the average values for nonnative
amide peaks in the presence of Gdm·HCl (14.1 T, 20 mm sodium acetate,
pH 4.5, 100 mm NaCl, 298 K).


Folded protein Folded protein Unfolded protein
zero denaturant 1.5 m Gdm·HCl 1.5 m Gdm·HCl


T1 0.74�0.02 0.70�0.06 1.83�0.2
T2 0.14�0.01 0.16�0.02 0.67�0.1
nOe 0.78 0.88 �0.45
T1/T2 5.4�0.2 4.6�0.2 2.7�0.7
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yet despite the additional amino acid inserts, global rigidity on
the nano-to picosecond timescale is retained in both oxidation
states. In contrast, mitochondrial yeast iso-1-cyt c displays
more pronounced mobility differences between the two redox
states.[41–43] The ferric form shows higher global flexibility, espe-
cially in the loop region containing the axial methionine
ligand,[42, 43] with several residues belonging to helical segments
in yeast iso-1-cyt c exhibiting conformational exchange on the
micro- to millisecond timescale.[41]


From peroxidase activity assays at pH 4.5 with the mitochon-
drial hh and yeast iso-1-cyts c, the DGunf value assigned to
local unfolding of the axial methionine loop was found to be
lower than with the bacterial proteins, Pseudomonas aerugino-
sa cyt c-551 and Paracoccus versutus cyt c-550.[26] If it is as-
sumed that the methionine–FeIII bond strength is invariant be-
tween the different species, then other factors contributing to
the enhanced stability of the bacterial proteins towards dena-
turant must be considered. One such consideration on com-
paring the available dynamics data for bacterial cyts c with
their mitochondrial counterparts is the extent of plasticity in
the axial ligand loop. The apparent stiffening of this region in
the bacterial proteins seemingly plays a role in determining
the equilibrium of the dynamic exchange process causing
release of the axial methionine ligand.[44]


As the HSQC spectrum in the presence of Gdm·HCl has the
same fingerprint as the folded form, albeit with chemical shift
changes, this species can still be considered as a native form.
The presence of Gdm·HCl, up to 1.5 m, appears to have little
effect on this form in terms of the relaxation properties
(Table 3 and Figure 5). A marginal decrease in the mean T1/T2


ratio translates to a lower tr value of 5.7�0.6 ns. V30 displays
an increased T1/T2 ratio in the absence of Gdm·HCl, a fact relat-
ing to an increased conformational exchange process that pos-
sibly involves an unfolded form of the protein (Figure 5). The
resonance arising from A23, which exhibits a high T1/T2 ratio in
the absence of Gdm·HCl (Figure 5), is not observed at 1.5 m


Gdm·HCl due to peak overlap, while T101 displays a mean T1/
T2 value below the average, a fact suggesting increased inter-
nal motions in this region.[36] No new extensive conformational
exchange processes were observed, in contrast to a previous
report with B. pasteruii cyt c-553 in the presence of Gdm·HCl.[20]


The most visible change is for the {1H}15N nOe measurement,
where an erratic variation in nOe values is observed (Figure 5),
with the mean value increasing to 0.88 in the presence of
1.5 m Gdm·HCl. Such an increase would suggest a stiffening of
the structure with highly restricted internal motions. This is
unlikely, however, as the effect of the denaturant would be
expected to loosen the structure. An explanation for the ob-
served effect at elevated [Gdm·HCl] on the nOe values is there-
fore unclear.


As mentioned, at 1.5 m Gdm·HCl, new peaks are observed in
the HSQC spectrum, which from the poor chemical shift dis-
persion in the 1H dimension are assigned to an unfolded form.
For a number of these new nonnative peaks (25 nonover-
lapping cross-peaks) it was possible to extract relaxation pa-
rameters, with the average values presented in Table 3. The
large increases in both T1 and T2 times and the negative nOe


values further confirm an unfolded species lacking in tertiary
and secondary interactions. These findings differ from the un-
folding of yeast iso-1-cyt c in the presence of sodium dodecyl-
sulfate, where the dynamics data for the nonnative resonances
in the 1H,15N-HSQC spectrum indicate a compact structure with
residual helical content.[45]


Peroxidase activity of wt and lysine-modified ferricyt c-550
at pH 7.0


The unfolding transition at pH 7.0 monitored by peroxidase ac-
tivity increase for the wt protein and the variants is shown in
Figure 2 D, and the thermodynamic parameters obtained from
the fitting are given in Table 4. In nearly all cases, with the pos-


sible exception of the H118Q variant, the relative steepness of
the posttransitional baseline complicates the fitting procedure,
causes a shift in the transitional midpoint and affects the out-
come of the thermodynamic parameters. Such a sloping base-
line has been explained as being due to an increase in protein
volume, which lowers the effective concentration of protein-
based heme ligands that inhibit the activity.[26] However, when
peroxidase activity in urea (data not shown) is monitored no
such increase in posttransitional baseline is observed, a result
suggesting that the type of denaturant also has an effect
(ionic versus neutral). The second-order rate constant for the
reaction with H2O2 and the total activity increase for the wt
protein upon unfolding under nondenaturing conditions are
given in Table 2. The higher total activity increase compared to
that at pH 4.5 may, in part, be related to there being less of
the lowest energy intermediate present under native condi-
tions due to a more stable methionine–iron interaction at
pH 7.0.


Upon treatment of the wt protein with O-methylisourea,
lysine residues are converted into homoarginine, thereby ren-
dering them incapable of acting as ligands to the heme. On
comparing the activity ratio (lysine-modified:wt; Figure 2 E), it
is apparent that the lysine modification has an effect on perox-
idase activity at low [Gdm·HCl]. A 22 times higher activity of
lysine-modified protein versus the wt protein is observed be-
tween 0 and 1 m Gdm·HCl. This increase in the peroxidase-
active form can be correlated to the removal of a ligand(s),
which in a partially unfolded form inhibits the activity. Alterna-
tively, it may be interpreted that the modification results in a
less stable protein. However, in terms of local unfolding, the


Table 4. Thermodynamic parameters (pH 7.0, 298 K) for the equilibrium
unfolding of various forms of ferricyt c-550 in the presence of Gdm·HCl, as
monitored by the peroxidase activity increase.


Protein DGunf [kcal mol�1] m [kcal mol�1
m
�1] Cm [m]


wt 3.2�0.4 1.4�0.2 2.3�0.6
K99E 2.5�0.2 1.1�0.1 2.4�0.4
H118Q 4.5�0.5 2.5�0.3 1.8�0.3
wt-mod 2.6�0.3 1.1�0.2 2.4�0.7
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Cm value measured by peroxidase activity is, within error, the
same as that of the wt protein (Table 4).


1D 1H NMR spectroscopy of wt ferricyt c-550 at pH 7.0


At pH 7.0, signals arising from the heme substituents and the
axial methionine ligand decrease in intensity as [Gdm·HCl] is
increased (Figure 6). Furthermore, the native 8 and 3 heme


methyl proton peaks (d= 29.2 and 28.3 ppm) shift up- and
down-field, respectively, thereby resulting in the formation of a
single peak. Such an observation has previously been reported
for cyt c-550 as a function of increasing ionic strength at neu-
tral pH values.[46] At 1.5 m Gdm·HCl, a number of new broader
peaks are observed in the spectrum (Figure 6). The observation
of peaks arising from both native and nonnative forms of the
protein is again consistent with a slow-exchange regime on
the NMR timescale. The positions in the spectrum of the non-
native peaks at d= 12–25 and �8.6 ppm, give a strong indica-
tion that they are hyperfine-shifted protons of heme substitu-
ents arising from a new low-spin form(s) of the protein. Con-
ceivably, the peak at d=�8.6 ppm could also arise from pro-
tons of the native H19 ligand.[47] These observations confirm
that ligand exchange is occurring. Unlike the spectrum at
pH 4.5, no peaks at higher frequency corresponding to a high-
spin heme form were observed. At elevated [Gdm·HCl] , the
nonnative signals start to decrease in intensity, as evidenced
by the signal-to-noise ratio, but remain visible above 3.5 m


Gdm·HCl, when the protein is considered to be in an unfolded
state.


Identification of the nonnative ligands on the heme by T1


relaxation measurements at pH 7.0


Proton signals arising from heme methyl groups are extremely
sensitive to the type of axial ligands on the heme.[48] If the me-


thionine ligand is replaced with either an exogenous or pro-
tein-based ligand, a change occurs in the distribution of the
unpaired electron spin density on the heme, which becomes
manifest in a change in the T1 relaxation times for protons of
the heme methyl peaks.[49] T1 relaxation times for the native
heme methyl peaks in the absence and presence of Gdm·HCl
are given in Table 5 and are indicative of methionine–histidine


heme ligation. Although the nonnative peaks at d= 23.5, 22.5,
20.7, and 17.9 ppm are broader and more crowded than the
native heme methyl signals, the T1 times could be measured
(Figure S2 in the Supporting Information). The peaks at d=


23.5 and 20.7 ppm (A1 and A2 in Figure 6) have significantly
longer T1 times than the peaks at d= 22.5 and 17.9 ppm and
also the native peaks (Table 5). This suggests that they arise
from heme methyl groups in which a deprotonated side-chain
amino group of a lysine residue(s) or the a-amino group of the
N terminus is coordinating to the heme.[8, 50] The latter possibili-
ty can be ruled out, as in cyt c-550 the N-terminal glutamine
residue is pyroglutamated. Although the pKa value of a lysine
is approximately 10.8, evidence exists from studies on the alka-
line transition of cyts c that the events prior to release of the
methionine ligand and the subsequent formation of the strong
lysine–iron bond can significantly lower the apparent pKa value
of a lysine.[51, 52] Longer T1 times for heme methyl groups of a
cytochrome with lysine–histidine heme coordination were con-
firmed from measuring the relaxation times of the M100K var-
iant, where the axial M100 ligand is replaced with a coordi-
nating lysine residue (Table 5).[53] The peaks at d= 22.5 and
17.9 ppm (B1 and B2 in Figure 6) gave much shorter T1 times
than the native peaks and are in the range for histidine–histi-
dine coordination (Table 5).[8, 9] These results point towards the
presence of three species at 1.5 m Gdm·HCl: the native form
and two nonnative low-spin heme forms. A fourth high-spin
form is also inferred from the peroxidase activity assays, but
due to its low population is not observed by NMR spectros-
copy.


Additional support for the nonnative ligand type on the
heme comes from the 1H NMR spectrum of the lysine-modified
protein, in which peaks A1 and A2 assigned with lysine coordi-
nation have disappeared and peaks B1 and B2 assigned with
histidine coordination remain (Figure 7). Upon addition of KCN
(final concentration 3 mm) to the lysine-modified protein in
the presence of Gdm·HCl, peaks B1 and B2 decrease dramatical-
ly in intensity and heme methyl signals of a CN�-bound form


Figure 6. 1H NMR spectra (600 MHz, 298 K) of wt ferricyt c-550 (100 mm NaPi,
pH 7.0) in the presence of increasing amounts of Gdm·HCl. The signals labeled
A1, A2, B1, and B2 arise from nonnative heme ligation and n corresponds to a
native peak of the protein. The spectra are not of equal intensity.


Table 5. T1 times [ms] for heme methyl protons of various forms of ferri-
cyt c-550 with native and nonnative heme ligation at pH 7.0.


Protein Histidine/ Histidine/ A1+A2 B1+B2


methionine lysine


wt 95–100
M100K 150–180
wt(Gdm·HCl) 90–100 120–150 53–57
wt-mod(Gdm·HCl) 85–95 51–53
H118Q(Gdm·HCl) 100–105 142
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predominate (Figure 7).[54] It is noted that peaks B1 and B2 are
still present but are of much lower intensity and appear to be
sharper (Figure 7). The latter may indicate that the histidine–
histidine form giving rise to the broad signals assigned as B1


and B2 is in exchange with multiple unfolded species, whereas
this is no longer the case in the presence of CN� . Two peaks
(d= 25.0 and 21.0 ppm) of the CN�-bound form have very simi-
lar chemical shifts to the A1 (d= 23.5 ppm) and A2 (d=


20.7 ppm) signals, which were assigned with lysine–heme co-
ordination. As CN� and lysine coordination have a similar
effect on the electronic structure of the heme in terms of
heme methyl chemical shifts,[54] this provides further evidence
that A1 and A2 arise from lysine coordination.


In comparison with hh cyt c, the same nonnative protein li-
gands on the heme (lysine and histidine) are observed upon
release of the methionine ligand.[7, 8] Subtle differences are,
however, apparent. For hh cyt c, heme methyl signals assigned
to two lysine conformers (akin to the alkaline transition[29]) are
observed at low denaturant concentrations and are replaced at
higher denaturant concentrations with heme methyl signals as-
signed to two histidine–histidine species (H26 and H33).[8] For
cyt c-550, no gradual replacement of one set of nonnative sig-
nals by another occurs. Instead, new signals appear in a con-
certed manner and are still detectable, albeit less intense, at
Gdm·HCl concentrations greater than 3.5 m. Furthermore, no
evidence for two lysine conformers is observed. This is also the
case for the alkaline transition in cyt c-550, where a single co-
ordinating lysine species is observed by NMR spectroscopy.[55]


The effect of the K99E mutation on unfolding at pH 7.0


The second-order rate constant for the peroxidase activity and
the total activity increase for the K99E variant at pH 7.0 are
given in Table 2. The unfolding curve is shown in Figure 2 D
and thermodynamic parameters obtained from the fitting are
given in Table 4. From the activity ratio in Figure 2 E little in-
creased activity relative to the wt protein is observed at any
[Gdm·HCl] . Thus, unlike the situation at pH 4.5, no increased
activity is observed at low denaturant concentrations. Further-
more, it suggests that, at pH 7.0, K99 is not a ligand to the


heme as the protein unfolds. This is also concluded from the
1H NMR spectrum in the presence of Gdm·HCl, with the peaks
A1 and A2 that were assigned with lysine coordination in the
wt protein still present in the K99E spectrum (Figure S3 in the
Supporting Information).


The effect of the H118Q mutation on unfolding at pH 7.0


In the absence of denaturant at pH 7.0, the second-order rate
constant for the peroxidase activity and the total activity in-
crease for the H118Q mutation are comparable to that for the
wt protein (Table 2), but the unfolding curve generated from
the peroxidase activity assay (Figure 2 D) is more cooperative
(see also the thermodynamic parameters in Table 4). A signifi-
cantly increased activity relative to that of the wt protein is ob-
served between 1.25 and 2 m Gdm·HCl, a fact suggesting that
H118 acts as a heme ligand in a fraction of partially unfolded
wt protein and that its absence results in enhanced peroxidase
activity. The activity ratio at high [Gdm·HCl] is 1, a result sug-
gesting that H118 misligation is not important in the unfolded
state in terms of suppressing the peroxidase activity. However,
from the wt protein NMR spectrum at high [Gdm·HCl]
(Figure 6), it can be noted that signals arising from a low-spin
heme species are present, a result suggesting that a six-coordi-
nate heme form is still populating a significant fraction of the
denatured state.


The 1H spectrum of the H118Q variant at pH 7.0 in the pres-
ence of Gdm·HCl (Figure 8) has peaks at d= 23.5 and 20.7 ppm
with chemical shifts and T1 times very similar to the nonnative
heme methyl peaks A1 and A2 assigned with lysine–heme co-
ordination in the wt protein spectrum (Table 5). The peaks B1


and B2 that were assigned to histidine–heme ligation are no
longer present, a fact providing evidence that H118 is a non-


Figure 7. 1H NMR spectra (600 MHz, pH 7.0, 298 K) of lysine-modified ferricyt c-
550 A) in the absence of Gdm·HCl, B) in 1.5 m Gdm·HCl, and C) after the addi-
tion of 3 mm KCN to (B). Peaks labeled B1 and B2 have similar chemical shifts
and T1 relaxation times to the analogous signals observed for the wt protein.


Figure 8. 1H NMR spectra (600 MHz, pH 7.0, 298 K) of the H118Q variant of fer-
ricyt c-550 in the presence of increasing amounts of Gdm·HCl. Peaks labeled A1


and A2 have similar chemical shifts and T1 relaxation times to the analogous
signals of the wt protein, as discussed in the text, while n arises from the
native form.
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native ligand to the heme in the presence of Gdm·HCl. The
peak at d= 18.8 ppm labeled a in Figure 8 appears earlier in
this variant than it does for the wt (Figure 6) and K99E pro-
teins. This peak arises from an unfolded form of the protein
and the fact that it appears earlier in the spectrum for the
H118Q variant is in line with the unfolding measured from the
peroxidase activity (Figure 2 D). Also noteworthy is the in-
creased intensity and line broadening of the nonnative peaks
relative to the native signals; this suggests an increased popu-
lation and possible exchange with other unfolded species. At
higher denaturant concentrations, the native peaks disappear
and a gradual decrease in the intensity of the nonnative form
is observed. The signal-to-noise ratio at high [Gdm·HCl] makes
it difficult to ascertain whether these nonnative signals are
from the same species as those at low [Gdm·HCl] , but the re-
sults still suggest the presence of a low-spin heme species as
expected from the high- to low-spin pKa values.[27]


All of the bacterial cyts c for which the folding/unfolding has
been investigated have lacked a potential nonnative His
ligand[21–23] and thereby result in a high-spin heme form in an
unfolded state at neutral pH values. Despite this, evidence
exists that the cooperative unfolding units correlate well with
the mitochondrial proteins.[56] Results from the present study
support histidine–heme misligation, but more so at low dena-
turant concentrations. At higher denaturant concentrations a
low-spin species is still present, but it is not clear what this
form arises from. Nevertheless, the position of H118 in the se-
quence of cyt c-550 is distinctly different to the relative posi-
tions of the nonnative ligating histidine residues in mitochon-
drial cyts c, which when ligated to the heme in a denatured
state do not interfere with the proposed early folding or late
unfolding intermediate with interacting N- and C-terminal heli-
ces.[13] For cyt c-550 it is difficult to see how ligation of H118 to
the heme would allow the formation of such an intermediate.
It may be that this intermediate form does not exist for cyt c-
550. This is also inferred from kinetic studies on the folding of
Rhodobacter capsulatus cyt c2, a bacterial cytochrome with
high structural homology to Paracoccus versutus cyt c-550 but
lacking a potential nonnative histidine ligand.[23]


Conclusion


In summary, this work shows that peroxidase activity assays
and 1D NMR spectroscopy are two complimentary techniques
which provide valuable information on the state of the heme
as ferricyt c-550 unfolds. Both techniques are most informative
under low denaturant concentrations. This is clearly illustrated
at pH 7.0 where partially unfolded misligated heme species
with lysine and histidine coordination have been identified
through 1D NMR spectroscopy, and at low denaturant concen-
trations, with the aid of protein modifications, such forms are
shown to inhibit the peroxidase activity. At higher denaturant
concentrations, when the protein is considered to be unfolded,
the NMR data are still consistent with the presence of a six-co-
ordinate low-spin heme species. For the mitochondrial proteins
it is generally accepted that bis-histidine coordination prevails
at neutral pH values in an unfolded state. However, removal of


H118 in cyt c-550 still results in a low-spin heme species
(Figure 8). Therefore, regardless of which inhibiting ligand is re-
moved, the effect on peroxidase activity at high denaturant
concentrations appears to be unaffected.


In hh cyt c, a sequence of ligand-exchange events occurs on
going from low to high denaturant concentrations.[7,8] For
cyt c-550 this is not the case. The species assigned with lysine–
histidine and bis-histidine coordination occur at the same
denaturant concentration (1.5 m and above; Figure 6). Involve-
ment of H118 even at low denaturant concentrations suggests
that this species must be considerably unfolded. It may be
that for cyt c-550 these misligated forms are just two subsets
of numerous unfolded species on different pathways, which
with increasing denaturant concentrations do not interchange
ligands as they become more unfolded.


The mobility study at pH 4.5 adds to the growing body of
evidence that bacterial cyts, irrespective of size, have a higher
global rigidity than their mitochondrial counterparts. In partic-
ular, a stiffening of the axial methionine ligand loop may be
one of the reasons why the DGunf value inferred from perox-
idase activity measurements is higher for bacterial species than
for the mitochondrial proteins. The effect on the peroxidase
activity of the K99E mutation at pH 4.5 goes some way to illus-
trating this point.


Finally, the use of cyts c as green catalysts in oxidative
chemistry is an attractive alternative to true peroxidases, the
latter often being unstable under extreme conditions. For
cyts c, harsh conditions are a prerequisite for enhanced activity,
and the fact that their peroxidase activity can be regulated by
manipulating their conformational state is an advantage. How-
ever, as shown in this study, to maximize activity in a non-
native conformational state (partially unfolded form) then elim-
ination of inhibiting protein-based ligands, which suppress ac-
tivity under nonacidic conditions, must also be considered.


Experimental Section


Construction of Paracoccus versutus cyt c-550 variants : The K99E
variant of Paracoccus versutus cyt c-550 was constructed as previ-
ously described.[57] The modification encoding the H118Q mutation
was introduced in a single step by site-directed mutagenesis fol-
lowing a procedure based on Stratagene’s QuickChange Mutagen-
esis kit and by using plasmid pMU19 containing the gene for the
wt cyt c-550 as the template.[19]


Expression and purification of Paracoccus versutus cyt c-550 and
variants : Wild-type cyt c-550 was heterologously expressed in
Pseudomonas denitrificans strain 2131 containing the pEG400.Tv1
plasmid. The K99E and H118Q variants were expressed in Escheri-
chia coli by using a dual-plasmid strategy. A pUC19 (Ampr) vector
containing the mutated cyt c-550 gene preceded by its periplasmic
translocation sequence was used for protein expression. The
second plasmid, pEC86 (Cmr), contains eight cyt c maturation
genes to assist with covalent heme attachment.[58] E. coli
strain MV1190 containing both plasmids was cultured in Luria–Ber-
tani (LB) medium for 8 h until the optical density at 600 nm (OD600)
was approximately 0.8. At this point, the cells were induced with
0.5 mm isopropyl-b-d-thiogalactopyranoside (IPTG) and grown
semianerobically for a further 16 h, at which time the cells were
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harvested. For growth of 15N-labeled cyt c-550, the wt protein was
expressed in E. coli with the same strategy as outlined above
except that the growth medium consisted of a 70:30 mix of M9
minimal medium containing 15NH4Cl (0.5 g L�1) and 15N-labeled
OD2 medium (Silantes). The M9 medium contained trace elements
and vitamins as described by Cai et al.[59] Purifications of all pro-
teins including the H118Q variant were performed as previously
described.[31]


Preparation of lysine-modified cyt c-550 and mass spectroscopy
analysis : Preparation of chemically modified cyt c-550, in which all
lysine residues were converted into homoarginines, was carried
out with O-methylisourea hydrogen sulfate (Aldrich) according to a
literature method.[60] The expected increase in molecular weight for
15 lysine residues converted into homoarginine is 631 Da. From
electrospray-ionization mass spectrometry, an m/z of 15 367 Da
was observed (observed m/z of unmodified protein: 14 737 Da),
thereby confirming complete conversion to homoarginine residues.
Furthermore, the m/z of the wt protein was consistent with a pre-
vious report in which the N-terminal glutamine residue is pyroglu-
tamated.[19]


Unfolding monitored by UV/Vis spectroscopy and peroxidase
activity : Gdm·HCl was dissolved to a concentration of 8 m in de-
ionized water (Milli-Q) and filtered before use. Solutions ranging
from 0–6 m Gdm·HCl were buffered with 100 mm sodium phos-
phate and the pH value of each solution was measured separately.
Protein samples were oxidized by addition of an excess of K3-
[Fe(CN)6] followed by exchange into water by ultrafiltration meth-
ods. Protein concentrations were determined spectrophotometri-
cally from the absorbance at 409 nm (e= 132 mm


�1 cm�1),[55] with
ferricyt c-550/Gdm·HCl mixtures equilibrated overnight at room
temperature prior to unfolding experiments.


UV/Vis spectroscopy was carried out on a Shimadzu UVPC-2101PC
spectrophotometer fitted with a thermostat. Protein concentra-
tions of approximately 5 mm were used. Peroxidase activity was as-
sayed by using H2O2 and guaiacol (O-methoxyphenol, Sigma). The
reaction was initiated by mixing a volume of ferricyt c-550/
Gdm·HCl with an equal volume of freshly prepared H2O2/guaiacol/
Gdm·HCl. Production of the fourfold-oxidized product of the per-
oxidase reaction of cyt c-550, 3,3’-dimethoxy-4,4’-biphenoqui-
none[61] (e470 = 26.6 mm


�1 cm�1)[62] was followed on the above-
mentioned spectrophotometer. The resulting activity profiles were
analyzed as previously described, with the reaction rate depending
linearly on [H2O2].[26, 31] For coherent graphical representation, the
activities are expressed as the biomolecular rate constant of
the H2O2/cyt c-550 reaction. All assays were performed at 298 K
with [guaiacol] = 10 mm, [cyt c-550] = 0.9–1.6 mm, and [H2O2] = 0.1–
100 mm.


Unfolding curves were assessed by the two-state model of equili-
brium unfolding with the assumption of linear baselines for native
and unfolded proteins, according to the method of Santoro and
Bolen,[63] as desribed by Equation (1), where a and c correspond to
the baselines values of native and fully unfolded protein at zero
denaturant concentration, respectively, and b and d to their respec-
tive dependence on [Gdm·HCl]. DGunf is the Gibbs free energy of
unfolding in the absence of denaturant and m represents the
dependence of the unfolding free energy on [Gdm·HCl].


observable ¼ aþb½Gdm � HCl�þðcþd½Gdm � HCl�Þexpð�DGunfþm½Gdm�HCl�
RT Þ


1þexpð�DGunfþm½Gdm�HCl�
RT Þ


ð1Þ


For the fitting of the peroxidase activity data, the following modifi-
cation was applied. Since the native state is assumed to be fully in-
active due to the six-coordinate heme iron being unable to react
with H2O2, its activity cannot change linearly with increasing
[Gdm·HCl] . Therefore, a and b (pre- and posttransitional baseline
values) in Equation (1) were set to zero. The fits (nonlinear least-
squares fitting) were generated by using the algorithm of Leven-
berg and Marquardt and performed in the program Origin, ver-
sion 6.0 (Microcal Software, Northampton, MA).


NMR spectroscopy : Samples to be analyzed by NMR spectroscopy
contained the desired concentrations of ferricyt c-550 (0.5–1.5 mm),
Gdm·HCl (0–4.5 m), 100 mm sodium phosphate or sodium acetate,
and 6 % D2O for lock. The pH value of each sample was adjusted
to the desired pH value by addition of stock solutions of HCl or
NaOH. All experiments were performed on a Bruker DMX600
spectrometer operating at 1H and 15N frequencies of 600.1 and
60.8 MHz, respectively, and at a temperature of 298 K. 1D 1H spec-
tra were acquired with presaturation of the residual water signal
with a spectral window of 70 ppm. For detection of high-spin
heme signals, a 1D WEFT pulse sequence with a delay time of
50 ms and a spectral window of 200 ppm was used. Proton T1


values were measured by using an inversion recovery pulse se-
quence with variable delay (VD) times ranging between 0.05–0.9 s.
All 1D spectra were processed in XWINNMR, with exponential mul-
tiplication (50–200 Hz) being applied to each free induction decay
before Fourier transformation. Proton T1 relaxation times were
obtained by fitting the peak intensity as a function of the VD time
to a three-parameter single-exponential decay.


Chemical shift perturbations of 15N and 1H nuclei in the presence
of Gdm·HCl were analyzed in the assignment program ANSIG.[64]


The average amide chemical shift perturbation (Ddavg) upon addi-
tion of Gdm·HCl was calculated from Equation (2), in which DdN


represents the change in the chemical shift of the amide nitrogen
signal and DdH is the change in chemical shift of the amide proton
signal.[65]


Ddavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdN=5Þ2þDdH


2


2


r
ð2Þ


For 15N longitudinal (T1) and transverse (T2) relaxation measure-
ments, 3D versions of 1H,15N HSQC experiments were implemented
by using the pulse sequences described by Kay et al. ,[66] in an inter-
leaved fashion with a 1H(t2)–VD–15N(t1) acquisition order. For both
15N T1 and T2 experiments, 256 complex t1 increments and 2 K t2


points with 16 scans per t1 point were employed with spectral
widths of 2.1 kHz (15N F1) and 8.9 kHz (1H F3). In the T1 and T2 ex-
periments, 10 different VD times ranging from 0.01–1.6 s and 0–
0.288 s, respectively, were employed to determine the relaxation
times. The relaxation delay between scans was 2.5 s. In both ex-
periments, duplicate points were taken to estimate the experimen-
tal error. For the {1H}15N nOe measurements, spectra were collected
with and without proton saturation with 320 complex t1 incre-
ments and 2 K t2 points with 40 scans per t1 point. An initial delay
of 3.5 s was used in the nOe measurements, followed by either a
saturation period or a delay of 2.5 s. All spectra were Fourier-trans-
formed in the AZARA program (available from ftp://ftp.bio.cam.
ac.uk/pub/azara) and analyzed in the ANSIG program.[64]


Relaxation times were obtained by fitting the peak intensities of
the amide resonances as a function of the relaxation delays in the
VD lists to a three-parameter single-exponential equation. The
standard errors in the fitting parameters were determined from the
scatter of the data points around the exponential curve and from
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the duplicate relaxation delays in the VD lists. The {1H}15N nOe
values were calculated as the ratio of the peak intensity in the
spectra with and without saturation.
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